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Chapter 1 
General introduction 
1.1 History of superconducting mate rials 
1.1.1 M e t a llic s uperconductors 
In 1911, three years after the success in liquefaction of helium( 1908), Kamerllngh Onnes 
observed 1 that the electrical resistivity of solid Hg suddenly dropped to zero when 1t was 
cooled below about 4.2 K. This startling discovery was recorded as the ongin of devel-
opment of superconductor. According to this discovery, it was made clear that a super 
conductor exhibits infinite conductivity (1/R = oo), which is most important property 
of superconductor. A:, shown in figure 1.1, superconductivity only occurs in the region 
below the critical surface constructing from three parameters, critical current (Ic), critical 
transition temperature (Tc) and critical magnetic field (He)· The history in development 
of superconductors has been carried out by the effor ts to improve three parameters of 
superconducting state. After discovery of superconductivity, numerous superconducting 
materia ls have been discovered in metallic system and the study to make clear the mech 
anism of superconductivity has continuously progressed. 
In 1933, Meissner and Ochsenfeld 2 found that a bulk specimen in superconducting 
state exhibits the perfect diamagnetism , with the magnetic induction B = 0 . This has 
been call('d Missener effect and recognized to be very important as characteristic magnetic 
property of superconductor. Hardy et a/. 3 first discovered superconductivity in A 15 type 
intermetallic compound, V 3Si in 1953. According to this discovery, the study to search 
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Figure 1.1 Superconducting state region which is defilll'd by thre(• critical parameters. 
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for new superconductor in A 15 type compounds or alloys had started and the exbtence 
of type II superconductor, which is different from the type I superconductor in the pomt 
of critical magnetic field was made clear in 1950's. Matthias ei a/ 4 pomted out that the 
critical transitiOn temperature. T, strongly depends on the average electron valency (Z) 
per atom and 7~ becomes !ugh at Z = 1.7 or 6.7. Due to this Matthias's empirical rule, 
Nb3Sn and V3Ga were discovered in 1954 and 1957, respectively. 
For application oft he superconductor to magnet technology, Kunzler ~> fir~t succccd<'d 
to produce a superconducting wire of Nb3Sn compound in 1961. Here, tlH• powd<>r met 
allurgical technique was adopted for preparation of the wire. Using the magnct prepar<•d 
from Nb3Sn, 7 T as magnetic field could he generated experimentally. Tlw JH'nocl of 
applied superconductivity is suggested to have been started by this success . Searching 
for new superconductor 111 mtNmetalhc compound system wa..; progressed intensively till 
the app<>arance of Nb3Ge , which exhibited highest T, of 23 1\ in metallic !>,Y!'tem!> 6 • On 
the other hand , in alloy !->ystem, ~b-Zr superconducting wire was prepar<'d for ~<>lling by 
SC PERCON Co. in 1961. Two years after that, Nb-Ti superconducting wire which ha." 
been widely us~d for superconducting magnet up to date wa." prcpar<'d h) \\'t>stinghouse. 
Comparing with A 15 compounds, these alloy systems ar<> excellent in working ability. It 
was known that the critical current density (J,) of Nb-Ti superconductor d<•pend~ on the 
microstructure change by composition, the degree of cold-working and the h<'at- trratrnent 
condition 7 . a- Ti precipitates which appear during thermomechanical treatment W<'f<' 
known to play a important role to exhibit the strong pinning effect again!>l the move 
ment of flux line. The improvcment in production of alloy supcrconducting wire hd.<. !wen 
continuously progressed by the optimization of thermomechanical t reatment. Rcccntly, 
the fine multi filamentary Nb-Ti superconducting wire wa.<; developed for improv111g A.C 
loss and stabilization in operating and widely used as coil in MRI,MAGLEV,SOR and 
Nuclear fusion reactors etc. 
Comparing with the alloy superconductor like i\b-Ti, the propert1e~ of7, and II,_ for 
intermctallic superconductors are high. However, the d<'velopmenls of A 15 t} pc com-
4 Chapter 1 
pound superconductor was late by the difficulty of worlong ability. In the lat lN part 
of 1960's, various lcinds of production techniques for intermetallic superconducting wire 
such as N b3Sn and V 3Ga were developed earnestly and superconducting magnet could 
be successfully produced by usmg these compound superconducting materials. Recently, 
N b3AI, PbMo6S8 appeared as new intermetallic superconductors for generating high mag-
netic field and the production technjque has been intensively studied 8•9•10 . The physical 
properties of typical metallic superconducting materials are Hsted in table 1.1 





















1.1.2 High temperat ure s uperconductors 
The trend of superconductor developments has been largely changed by Bednortz and 
Mi.i ller's pioneering discovery 11 of Ba-La-Cu-0 superconductor in 1986. The p ossibility 
of high 7~ was realized first in ceramic material and the race for development of high 
temperature superconductor(HTSC) was opened with large scale after this great discovery. 
In 1987, Wu et al. 12 succeed to prepare the ceramic superconductor of Y-Ba-Cu-0 (Tc = 
90"' 95 1\). The transition temperature exhibited almost the same value by substitution 
Y for other rare earth element such as Ce,Pr ,Tb. This material has a characteristic that 
oxygen tend to be deficient. Therefore, the supplement of oxygen into specimen during 
heat treatment is necessary. Since the discovery of Y-Ba-Cu-0 superconductor, many 
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scientists searched for other materials with tetragonal crystal structures containing CuO 
chams or Cu02 planes. 
In 1988, Maeda et a/. 13 illscovered Bi-Sr-Ca-Cu-0 (BSCCO) superconductor which is 
consisted of high Tc (110 K) and low Tc (85 K) phase. The low Tc pha..c;e and the high Tc 
phase can be expressed by general chemical formula Bi2Sr2Can_1C'un0x(x = 2n + 4 + 6) 
with n = 2 and 3, respectively. Figure 1.2 shows the ideal structure of BSCCO OXJde::. 
with n = 1,2 and 3. These crystal structures are similar each other, diffenng only in the 
number of C'a- Cu02 slabs inserted between double Bi-0 layers. The low Tc phase has 
two Cu02 layers and one Ca layer while the high Tc phase ha.c; three Cu02 and two Ca 
layers It wa,., known that Tc increases with increasing n up to 3. 'l akano ct a/. reported 
14 that the formation of high Tc phase is enhanced by the Pb addition. Encouraged by 
the d1scovery of BSCCO, Tl-Ba-Ca-Cu-0 superconductor was newly found by the efforts 
of Sheng et al. 1 ~. Tc of Tl2 B32Ca2Cu30 1o+x is recorded to 125 "'1 30 K as the best data 
in cuprate IITSCs. The crystal structure of Tl-based cuprate superconductors are very 
similar with BSCCO. T hey also have three kinds of crystal structure based on the number 
of Cu02 and Ca layer. In cuprate HTSCs, superconductivity was recognized to occur in 
the Cu02 lattice involved in perovskite type block and sensitively depends on the number 
of Cu02 planes. 
1.2 Superconducting properties 
For the superconductors, a critical transition temperature, Tc, it' defined below which 
the electrical resistivity goes to zero. When a material is held at temperatures lower 
than Tc, a small fraction of conduction electrons with energies at or close to the Fermi 
level, enter an ordered state involving pairs of correlated electrons, which are called Cooper 
pairs and all of them behave as one macro-quantum with the same energy and momentum 
state and then superconducting state becomes to be realized. At the critical transition 
temperature Tc, the thermal energy becomes strong enough to destroy the ordering of 
electron pairs and a material whose temperature is above T, is said to be in normal state. 
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Tc of alloy and elements has been known 16 t.o be expressed as a function of elt'ctron 
density at Fermi level, Debye temperature and electron-lattice interaction AdditiOnally, 
the microstructure and purity of superconductor are the most important factors that 
determine the sharpness of the transition. Superconductivity can also be destroyed by 
increasing the magnetic field above a critical value. Under applied magnetic field, super-
conductors exhibit two types of behavior as shown in figure 1.3. Type I superconductor 
exhibits the complete Meis~ner effect and the superconductivity is destroyed when the 
specimen becomes normal conductor above the thermodynamic critical magnetic field 
He· Generally, He is known to be very low. In the case of Type II superconductor, the 
quantized flux penetrate the specimen and form flux line lattice (FLL) li auovt' the lower 
critical magnetic field, Hc1 lower than the He. The specimen is in a mixed state (vortex 
state) between Hc1 and upper magnetic field Hc2, and it has superconducting electrical 
properties up to Hc2 · Above He2 the specimen became a normal conductor U~ually, alloys 
and transition metals tend to be Type II superconductor and they are charactenzed by 
a high critical magnetic field and a high critical current density, compared to the Type 
l superconductor. Considering the application of Type II superconductmg matenals 1nto 
magnet, critical current density, Jc is most important property. Je of Typ<' II supercon 
doctor is a.o;:'ociated with critical tempera! ure and magnetic field and sen~itively affected 
by microstructur<'. Jc in magnetic fields is mainly determined by pinning property of 
the superconducting material. As shown in figure 1.4, Lorentz force acts on flux line 
lattice(FLL) when a current fl ows through superconductor along a direction normal to an 
applied magnetic field in a mixed state and the voltage occurs due to movement of flux 
line. Howev<'r, real superconductors contain crystal imperfections such a..c, dislocations as 
well a.s other types of inhomogenities such as surfaces, second-phase precipitates,etc F LL 
tend to have preferred arrangements with respect to inhomogenities in mat.erial and finite 
force is required to move FLL from their preferred location. The force which opposes 
motion is referred to as pmning force. The presence of pinning force implie~-o that the 
Lorentz force must exceed a critical value before flux motion will occur. 
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Figure 1.3 Magnetization vs applied magnetic field for two types of superconductors. 
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Figure 1.4 Illustration of the Lorentz force FL in the presence of a flowing current for 
Type I I superconductor. 
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The pinning force per unit volume, global pinning force density is expressed 18 by 
( 1.1) 
The superconductors can carry a finite loss- free current before the occurrence of dissipa-
tive loss by FLL flow. 
1.3 Purposes of this study 
In the application of superconducting materials, the improvement of critical current 
density, J< in magnetic fields i::- indispensable. In the case of Type 11 superconducting 
materials, J, depends on the it's microstructure and it can be controlled by the various 
factors such as heat treatment conditions, cold workings, addition of other elements in 
preparing the superconducting materials. 
Even though , A 15 type compound superconducting materials such as Nb3Sn and V3Ga 
are practically used in magnet coil, some ambiguities had remained about the field depen-
dence of J,. It was known that the V 3 Ga compound exhibits different magnetic properties 
as comparing with the Nb3 Sn. In the meaning of improvement of J, in magnetic field , the 
correlation between field dependence of J, and microstructure of compound is necessary 
to make clear. 
For producing superconducting wire such as Nb3 Sn and V3 Ga, b ronze method is practi-
cally used. In Chapter 2, the mechanism of crystal growth and superconducting properties 
of bronze processed V 3Ga compound as well as the influence of third element additions 
have beeu investigated. For various V 3Ga compound specimens prepared with addition of 
Zr or Mg and without addition, the microstructure change by heat treatment and it's in-
fluence to c ritical current density, especially in magnetic field was investigated in Chapter 
2. 
Since the discovery of Bi-(Pb)-Sr-Ca-Cu-O(BPSCCO) high temperature superconduc-
tor, many efforts have been carried out to prepare the high quality material. Among 
various technologies to prepare BPSCCO, melt-quenchmg-method which was fi rst tried 
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by Komatsu IS very convenient to obtain dense material Superconducting pha.-.e ~~ ob-
tained by annealing of amorphou~ B(P)SCCO ceramics formed during melt~uendung 
process. In C hapter 3, cry;,tallization process and microstructure change a~ well a-. ;,uper-
conducting propertie~ of melt-quenching processed B(P)SCCO were lllvestigated . 
Because of multi component system, polycrystalline BPSCCO material which is con-
sisted of superconducting phases and impurity phases is obtained during sintering. It wa.-. 
known that the superconducting properties sensitively depends on morpholop,y nf llliJHI 
rity phases and volume fraction of superconducting phase. In Chapter 4, phase relation of 
BPSCCO appeared at various tempera! u re ranges and behavior of fortn<tt ion and ~row t h 
for high 1~ pha..-.e were 111vesligated in detail. 
B(P)SCCO high tempera! ure superconductor is most attractive material in the field of 
superconducting wire because the critical current density has been 11Hproved continuously 
up to date by the optimization of preparation condition . 
Recently, research and developments for B(P)SCCO superconducting coil han• bPen 
widely carried out. Among vanous production technique:-. fur superconducting \\ ir<'~ of 
HTSC. ''powder- in - llJlH• technique" Ita-; been recognized a:, must powerful 111ean~ be<·au:-e 
microstructure control is possible by optinuzing TMT conditions. Furthermore, thi-.. t<'ch· 
nique has been considered to be advantageous for processing the bnttle superconducting 
ceramics by adopting Ag which is superior in ductility and thermal stability. In Chap-
ter 5 "" 8, the studie:s were concerned with mainly microstru cture control and cnt1c:al 
current density of Ag ~>heathed BPSCCO tapes prepared by "powder in tubr trcl1111que" 
In Chapter 5, microstructure controlling factors such as heat treatment temprraturr and 
cooling rate were changed in TMT process for producing Ag sheathed BPSCCO tapes 
and it's relation to critical current density was investigated. In Chapter G, macro and 
microstructure change for the Ag sheathed BPSCCO tapes prepared with various cold 
working cond1tions and the relation between work instability and critical currrnt dens1ty 
wac: inYestigated Also, magnetic fidd dependence of J, and J - \' characteristic were in· 
vestigated in detail. In Chapter 7, lllicrostructure change appeared oy changing nominal 
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compositiOn and it's influence to critical current density were inve~tigated. In Chapter 8, 
microstructure change by addition of other elements, Sn, Ba and ~lg and its Influence to 
superconducting properties, especially magnetic field dependence of Jc were studied. 
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Chapter 2 
Crystal growth and microstructure 
dependence of critical current 
density for bronze-processed V 3Ga 
compound 
2.1 Intro duction 
Since V 3 Ga compound was discovert>d as one of A 15 type compound superconductor~ 
in 1957, a lot of efforts have been expended on fabrication of superconducting w1re or tape. 
In 1967, Tachikawa reported 1 that the V 3 Ga composite tape can be successfull y prepared 
by the diffusion reaction between vanadium tape and Ga which is coated on the surface 
of vanadium tape and this composite tape was practically applied to superconducti ng 
magnet for generating high magnetic field. The relationship between the microstructure 
and the critical current density of V3Gacomposite tape ha." been investigated by Nctnba.ch 
and Tanaka cl a/. 2•3 and due to their results, it was revealed th<tt tlw grain boundary 
acts as a primary pinning center against flux flow. From the microstructure investigation, 
Livingston, Scalan and Tanaka et a/. made clear 4- 6 that the c ritical current density 
depends on grain size. 
Recently, the production of \'3Ga multifilamentary composite w1re becomes possible 7 
by establishment of brou;;e process In the bronze process, V3Ga compound 1s formed by 
the diffusion reac tion between the bronze(Cu-Ga} matrix and vanad1um filament and the 
15 
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compound layer grows into vanadium by the diffusion of Ga element from Cu-Ga alloy 
during heat treatment. Ilughes eta/. 8 investigated about the formation of Al5 compound 
from the view point o f solid state reaction. Growth mechanism of A 15 compound was 
abo intensively investigated by many groups 9- 11 . For the Improvement of critical current 
densit} of V3Ga compound, a refinement of microstructure by the optimization of heat 
treatment condition or addition of third element has been expected. From this \ iewpoint , 
many attempts have been made a nd the c ritical current densit) of V 3Ga compound has 
been considerably improved 12- 14 • 
In the field of pinning theory, many studies have been earnestly carried out since 
l< ramer model in 1973 1 ~. Evetts et a/. 16 newly prop~ed the formula whi ch express 
field dependence of pinning force by modifying the Kramer model. Zerweck and Welch 
17
·
18 suggested, respectively electron scattering model for compound type superconductor. 
In !.pi t c of many s tud1es, however, it can be said that some ambiguities about magnetiC 
fi eld dependence of c ritical current density especially in high magnetic field and pinning 
mechanism of V 3Ga compound still remains. 
ln this study, influence of Mg and Zr addition on the microstructure and the growth 
of V Ga. compound prepared with various heat treatment conditions was investigated in 
deta.JI. T he correlati on between the magnetic field dependence of critical current density 
and the mic rostructure change of V 3Ga. due to Mg and Zr addition was investigated. For 
investigating the pinning mechanism of V 3Ga compound, elementary pinning fo rce was 
evaluated by using direct summation model. 
2.2 Experimental 
Bron1e ingots with vanous compositions of Cu- 18at% Ga-lat% M(M=None ,Zr, ~1g) 
wer<' prepared in an induction furnace under vacuum By repeating the process o f cold 
rolling and annealing at 973 }\ in vacuum, finally sheet type Cu-Ga-M specimens with 
size of 0.8 mm thickness, 10 mnt width and 55 mnt length were prepared. One side 
su1 face of this specimen was fully polished by emery pape1 s and buffer with Al20 3 p~te. 
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Sandwich type ~pecimens were made by in,erting the vanadium foil with tlucknes::. of 0.2 
mm between two s heets of Cu-Ga-M alloys after polishing. This sandwich type specimen 
was put into stainless tube and one end of this tube was welded T he stainl ess tube was 
pressed at 973 K for 10 min with prc:.sure of 250 ti!Pa. where the stainless tube was 
evacuated by using rotary and dlffuston vacuum pumps. After that , the sandwich type 
specimens were c ut into small p1eces. The specimens were scaled in evacuated quartz 
tube and annealed at 923 and 973 1\ fm 80 "' :?OOO k:, After heat-t reatment, layer 
thickness of V3 Ga compound was 111e~ured by optical microscope . Microstructure of 
fracture surface for V 3 Ga compound was obs<>rved by scanning elec t ron microscope. Grain 
size of\' 3Ga compound wa<> measured from the scanning electron micrograph of fracture 
surface by ustng intersect method. Here, two kinds of grain sized,., and dP were defined 
against the direction of c rystal g rowth of V 3Ga compound layer. The critical current 
in magnetic fields (2- 23 T) at 4.2 K was measured in HFLSM in Tohoku university, 
where magnetic fi elds were applied normal (.L) or parallel(//) to the su rface of specimen 
. Sample configuration along with definition of direction of applied magnetic field and 
grain size were srhematically present<>d fi gu re 2.1. The electric clfcuit fo r measurement 
of critical cu rrent in magnetic field were ::.-c!tematicall) presented 111 fi gur{' 2.2, where a 
water cooling magnet or a hybrid type magnet was used for g<>nerali ng magnetic field . 
The critical current, f c was defined w1th criterion of 1 1-N /em After measuring the cros:.-
section area, S of compound layer which is normal to transport current direction, crittcal 
current density was calculated by Jc = lc/S. 
2.3 R esults and discussion 
2.3.1 Crystal growt h 
When V 3Ga is prepared by bro!l7c process, the compound layer is fo rmed at interface 
between bronze layer and vanadium layer during heat treatment. Ga atom in bronze 
layer diffus<> to compound layer, and react with vanadium atolll, thcu V3 Ga compou nd 
layer forms and grows. Figure 2.3 shows aunealing time depend<'nc<.' o f compound layer 
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Figure 2.1 Sample configuration at critical current measurement in magnetic filed and 
the defini lion of grain size. 
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Figure 2.2 Schematic illustration of the electric circuit for critical current measurements 
































Figure 2.3 Compound layer thickness as a function of annealing time for the specimen 
annealed at 923 K. 
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thickness for specimens ann<'aled at 923 r.:. Among thref:' kmds of specimens, layer 
thickness of Mg additiv<' specimen w~ found to be largest. The compound layer of 
Zr additive specimen i~ found to become thinner than that of non<' additiw specimen . 
According to above results, Jt wa..s found that Mg and Zr acts as promoting and impeding 
element agamst growth of V 3Ga compound layer, respective)) . Figure 2.4 shows the 
annealing time dependence of compound layer thickness for specimen annC'al<'d at 973 K . 
Comparing w1th result!> from figure 2.3, it was observed that ann€'aling at high tempera! ure 
is effective to obtain the thick V 3Ga compound layer. 
FigurE' 2.5 shows the annealing time dependence of grain size ,dn, wh<'r<' thr data are 
indicated with average value. For all the specimens, grain size continuous!) inneil.-,rd 
with increasing ann<.>aling time. It was found that grain growth of V 3 Ga is enhanc<•d at 
high temperature a..<; indicated by the data for Mg additive specimen Grain sl7<' of Mg 
additive specimen wa..s obs<.>rved to be larger than other ones at same annealing cond1t 1011 . 
On the other hand, it was found that the grain size of compound is becom<' to small 
by Zr addition. For the grain size, dp, annealing time dependence is shown 111 figure 2.6 
Comparing with result of dn shown in figure 2.5, it was found that grains tend to columnar 
for all the specimens. This tendenq i~ found to become outstanding by Mg add1tion and 
long period annealing . 
Figure 2.7 shows the microstructure of fracture surface in compound of various sp<'c-
imens. It was found that the grain morphology of V 3 Ga compound layer is chang<.>d by 
heat treatm<'nt condition and additive element. For the Zr additiv<' specimen, it was 
found that grains changed to columnar by high temperature heat treatmrnt Forth<' Mg 
additive specimen annealed at 973 I<, equaxed small grains were observ<'d together with 
large columnar grains. 
In general, time dependence of layer thickness of V3Ga compound,/ can he expressed 
by the following equation. 
(2 1) 
Rate cons I ant, 1.: and time exponent, n for three kinds of specimens annealed at 923 
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Figure 2.4 Compound layer thickness as a function of annealing time for the specimen 
annealed at 973 K 
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Figure 2.6 Grain size of compound, dP as a function of annealing time. 
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Figure 2.7 Scanning electron micrographs of fracture surface for V 3 Ga compound layer 
of various specimens. 
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and 973 K, respectively were summarized in table 2.1, where the data for the Mg 
additive specimen in the region of saturation a.-. shown in figure 2.3, 4 were omitted. It 
was found that time exponent, n is close to 0.5 for all the specimens. Tills implies that 
the V 3Ga compound grows parabolically with respect to annealing time. Assuming that 
the change of solute concentration in bronze matrix is negligibly small, several processes 
arc considered to control the overall rate of layer growth as follow. 
Diffusion of Ga in the bronze layer 
2. Chemical reaction of Ga and V at reaction interfac<> 
3. Grain boundary diffusion of Gain the V3Ga compound layer 
4. Bulk diffusion of Ga 1n the V 3 Ga compound layer 
In previous studies, 19·20 it was made clear that layer th1ckness of compound which is 
calculated with assuming that the growth of compound layer is controlled by process 1 was 
found to be much thicker than that measured experimentally. Since time exponent, n is 1 
for the case that surf an• chemical reaction controh. overall reaction of V 3Ga growth, then it 
is insufficient to explain the present experimental data. In order to reach reaction Interface 
Ga can pass through V3Ga compound layer by two diffusiOn paths, grain boundary and 
bulk in compound. For the grain boundary diffusion in compound, Farrell 9 investigated 
it in detail. According to it, time exponent n becom<'~ 0.33 because the total area of 
grain boundary for high diffusion path decreases by coarsening of grain during annealing. 
Judging from that time <'Xponent is close to 0.5 for all the specimens, bulk diffusion of 
Ga in compound i~ consid<'red to control the growth of V 3Ga compound layer 
2.3.2 Magnetic field dependence of critical current density 
Figure 2.8 shows the magnetic field dependence of cnttcal current density, Jc for the 
specimen aunealed at 973 I< for 200 ks, where lll<lgncttc field is applied to normal to 
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Figu re 2.8 Critical current density as a function of magnetic fi eld( B 1.) for specimens 
annealed at 973 K fo r 200 ks. 
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the field. Jc of none additive specimen is fourid to be higher than that of other land 
of specimens. Magnetic field dependence of Jc for the specimen annealed at 923 K for 
80 ks is shown in figure 2.9. Jc of Mg additive specimen shows the highest value among 
three kind of specimens. Magnetic filed dependence of Jc is found to be improved by Mg 
addition for the specimen annealed at 923 1\ for 80 ks. On the other hand, Zr addition 
turned out to be no effective. Comparing with the result from figure 2.8, it was found 
that the Jc decreased drastically with increasing magnetic field Mg additive specimen 
exhibited higher Jc in aU range of magnetic field than that of specimen annealed at 973 
1\ for 200 ks. On the other hand, Jc app<•ared high in low magnetic- field below 10 T for 
none addi ti vc <tlld Zr additive specunen annealed at 923 1\ for 80 ks Figure 2.10 shows 
magnetic field dependence of Jc for none additive specimen annealed at 923 1\ for various 
times. Within the range of magnetic field below than 12 T, it 1s found that the shorter 
time annealing, the higher Jc is obtallled . In the range of magnetiC field above 12 T, Jc 
increased by long time annealing. 
Figure 2.11 shows magnetic field dependence of Jc for the specimen annealed 923 K for 
80 ks, where magnetic field is applied parallel to the surface of specimen. Comparing with 
result from figure 2.9, for all the specimens, Jc appeared low in all range of magnetic field. 
As shown in figure 2.5,6 and 7, V3Ga grams were similar to columnar and they exhibited 
different grain size as dP and dn· Due to this, effective area of gram boundary which 
interacts with fl ux li ne as pinning center is altered with direct1011 of applied magnet ic 
field. 
T herefore, Jc becomes high when lh<• 1uagnetic field is applied 1101t11al to surface of 
specimen, (parallel to direction of grain growth). This is con::.istcnt with result 7 of 
Tanaka et a/. 
Magnetic field dependence of Jc for the Mg addi t ive s pecimen annealed at 923 1\ for 100 
ks and 973 K for 400 ks, respectively is shown in figu re 2.12. Jc for t he specimen annealed 
at 923 K decreased gradually with increasi ng magnetic fi eld and dropped d ra.c; tically over 
15 T, while Jc for the specimen a nnealt>d a t 973 I( did not chang<' so much ti ll 17 T with 
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Figure 2.9 Critical current density as a function of magnetic field(B .l) for specimens 
annealed at 923 K for 80 ks. 
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Figure 2.10 Critical current density as a function of magnetic field(B .l) for none additive 
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annealed at 923 K for 80 ks. 
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Figure 2.12 Critical current density as a. function of magnetic field(B .L) for Mg additive 
specimens. 
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increasing the magnetic field. It can be considered that high field property i~ improved 
by high temperature and long time annealing. 
Figure 2.13 shows magnetiC field dependence of Jc for the vanous kind of specimens 
annealed at 973 K for 400 ks. For all the specimens, J c decreased monotonously in the 
range of low magnetic field and decreased drastically over about 16 T . None additive 
specimen the exhibited the highest Jc among three kinds of specimens in the range of 
magnetic field below 16 T. In the range of magnetic field over 16 T, Jc of Mg additive 
specimen appeared high. According to this, it was found t hat Mg addition is effective to 
the improvement of Jc in high magnetic field. 
2.3.3 Pinning mecha nism 
When a current flows in a mixed-state superconductor along a direction normal to an 
applied magnetic field, the quantized flux lines are acted upon by a Lorentz force. Here, 
Lorentz force density is given by 21 : 
{2.2) 
where J 1 and B are current density and average magnetic field in sample, re~pectively. 
The maximum loss-free current density, Jc is determined by the maximum force den~ity 
(global pinning force den:sity,Fp) acted by pinning center such as defect, wh1ch opposes 
the flux motion by FL, where Fp = lcB· From the above consideration, it can be known 
that high critical current density is obtained by increasing the global pinning force density. 
Global pinning force density FP can be expressed with formula of direct summation model 
22 
{2.3) 
where, Tlv and /p arc number of pinning interactiOn per unit volume and elementary 
p111ning force , respectively. Therefore, it can be known that cntical current density directly 
depend~ on n,. and fp · A.,. shown in figure 2.7, it w~ found that tiJ£ gra111 of ~lg additive 
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Figure 2.13 CriiJcal current dens1ty as a function of magnetic field( B .l) for specunens 
annealed at 973 K 400 ks. 
36 Chapter 2 
additive specimen annealed 973 K for 200 k:- is lower than that for ~1g additive spec-
Imen annealed 923 I\ for 80 ks is attributed to a d<'crease in the number of n~ by grain 
coarsening. Elementary pinning force per unit length can be calculated as follow b) using 
direct summat1on model. 
(2 4) 
Here, dn and a1 are gram size and the distance between the two flux hnes penetrated. 
The calculated values of J; for specimens annealNI at 923 K for 80 b are listed table 
2.2. It was found that. elementary pinning force becomes largest for Mg additive specim<'ll 
among three klllds of speCim<'ns and its valu(' bccouw ~mall when tlw applied magnetic 
field became high. According to this, improvement of Jc is considered to be attributed 
to the increase of elementary pinning force. Th<' values of J; listed in table 2.2 Me 
similar to reported values from Zerweck and Welch 17·1& which were calculated theoretically 
by electron scattering model. Therefore, pinning for V 3 Ga compound is thought to be 
resulted from the electron scattering at grain boundary. 
Table 2.2 Calculated elementary pinning force of various specimens. 
Cu-18 at%Ga-1at %M/V None Zr Mg 
Grain siz.e, dn(J.Im) 0.186 0.138 0.210 
]"(10 4 N/m) at 6 T 0.89 0.68 1.77 
]"(10 4N/m) at 15 T 0.02 0.009 0.08 
!\ramer suggested I!> that magnetic field dependence of critical curr!'nt density can be 
described theoretically b} con!>Jd<'ring elastic interaction between the flux !me and pinning 
center . According to his theory, the pinning force 111 high magnetic field is lirnited by 
shearing flow of FLL and shearing flow does not depends on microstructure. Evetts et al. 
16 suggested that. the critical shearing process of flux depends on the morphology of grain 
in compound, then Kramer's formu la wa.' modified a:- following equation, where grain size 
is involved. 
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(2.5) 
From above equation(2.5), following convenient. form can be derived to det<'rmine Bc2 • 
(2.6) 
Bc2 can be obtained by plotting J~f2B 1 12 against B (Evetb-Piummer j>lot). Figure 2.14 
shows the results of Evctts-Plummer plot and the valu<'s of R,2. which W<'r<' ohtamed 
by extrapolating in the range of high magn<'tic field are indicat<'d. For the Mg additive 
specimen, Bc2 was found to increase by high temperature and long time annealing. Among 
thrN• kinds of sp<'CIIIH'Ih annealed at 97'1 1\ for 400 b, \lp. additivP specim<'n l'xhih1ted 
htghest Bc2 of 21.06 T. According to this, Mg addttion IS thought to he effective to incre~e 
of Bc2· 
Magnetic field dependence of global p111ning force density is known to b<' normalized 
by using following equation 23 . 
(2.7) 
Here, b = B/Bc2. Figure 2.15 show!. the FpjFp,max vs B/Bc2 for the Mg additive 
specimen. For the specimen annealed at 923 K for 100 ks, global pinning force density 
reached maximum at b = 0.4 and decrea...,cd gradually wtth increasing induced field, 
while for the case of specimen annealed at 973 K for 400 b, gloiJal pinmng force density 
gradually increased and reaches maximum at b = 0.8. Accordiug to this, it is confirmed 
that magnetic field dependence of global pinning force density depends on h<'al t.r<'atnl(!nt 
condition. By fitting the present data to above equation, 1' and q are found to become 
0.96 and 1 .45, respectively for the specimen annealed at 923 K for JOO ks. However, it was 
found that the data for the specimen annealed at 973 K for 400 k!> could not be fitted with 
above equation. It was reported that the pinning force for Nb3Sn decreased with following 
same scaling curve in high magnetic field . However, from the present experimental results 
it wa.c; made clear that t.he pinning force in V 3Ga does not follow same scaling curve The 
appearance of sharp peak near Bc2 is resulted from so called peak-effect 24 , while broad 
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Figure 2.17 Global pinning force, Fp ( 6 T) a.-. a function of grain size d" for various 
specimens. 
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peak appeared at region of low magnt'tir field is relat<'d with grain boundary pmning 
mechani~m - Even though ambiguities exist about the lll<'chani~m of peak l'fft'd , there 
is a possibility that another fine defecb distributed periodically in grain strongly inter-
acts with FLL near 8 , 2 . Jt was known 2 that martensite tran::.formation occurred when 
V 3Ga is cooled below around 20 1\. If fine defects can be formed in grain by tlw marten-
Site transformatiOn , they can act a.., pinning centers in high magnetic field . However 
the microstructure of compound after martensite transform<ttion and the condition of 
transformation arc not d<'ar yet. 
For investigating t hr di'pi'ndenci' of an11N1Iing timi' on lllil~net ic fii'ld prop1•rt \ of Jc. 
the ratio of Jcs at low fidd(4 T) and high field(15 T) against annealing tune was plotted 
in figure 2.16. For all the specimens. the ratio of Jc increased with increasing the heat 
treatment time. This uuplies that the drgradation ratio of Jr w1th respect to increa .. ,e of 
magnetic field beconti'S small for thi' specimen annealed for long time. Two factors are 
thought to be associat<•d with this. B,2 is cons1dered to be increa. ... cd by long ti111e anneal-
ing because the stoichiometry of compound is improved by ion~~, time heat treatment, then 
the improvement of magnetic field property was thought to b1· tcsulted fro111 au increase 
of 8,2 by long time ht>at treatment. Since the coarsening of grain in co111pound o<curs 
dunng long time annealing, Jc at regwn of low magnetic field d<•creased becnu~c of de-
crea.c;e of total area of grain boundary, while J< at region of high rnagnet1c fi<•lcl incrca.c;es 
due to peak effect for the specimen with a coarse grain. 
Figure 2.]7 show~ th<' grain size dependPnc<' of global pirllllll!!, fore<' deusity( at G T) for 
various specimens, where magnetic freld is applii'd to ~urfa(t• of spPcinwn. 11 wtt,., obs<>rvcd 
that global pinmng force density decrca...,t>d with increa...,ing gldlll size for any additive 
specimen According to this, it can be confirnred that global pinning force den,.,ity becomes 
to increa..'>e forth<' V3Ga. with fine grain becaus<' pin density which directly influ<•nce on 
global pmning force dcus1ty in low maguet1c field increa...,es. Tlu• values of global prnning 
force are ..,Jwwn to he scattered with ~orne exteut because tht> \'3Ga compound c,f present 
specimen are consisted of large grarn aud small grain. 
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2.4 Conclusion 
Crystal growth of V 3 Ga compound as well as the relatiouship between microstructure 
and critical current density or global pinning force for V3Ga prepared with addition of Zr 
and Mg element were investigated in detail. The conclusions obtained by pre:;ent study 
could be summarized as follow. 
l. Crystal growth of V3Ga compound was enhanced by Mg addition. 
2. Overall growth of V 3 Ga compound layer was confirmed to be controlled by bulk 
diffusion in compound layer. 
3. V3Ga grains tend to columnar and this tendency is enhanced by Mg addition. 
4. Critical current density is improved by Mg addition because of increa.-;e in elementary 
p.nning force and Ba . 
5. The degradation ratio of Jc in high magnetic field becomes small for the long time 
annealed specimen 
6. In low magnetic field, global pinning force density increased linearly with decreasing 
grain size. 
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Chapter 3 
Superconducting property and 
microstructure of 
Bi(Pb )-Sr-Ca-Cu-0 prepared by 
melt quenching method 
3.1 Introduction 
Since ~laeda et a/. 1 discovered a high temperature Bi-Sr-Ca-Cu-0 superconductor, 
many attempts have been carried out to prepare high qualtty specimen. Forth(' s1ntered 
bulk prepared by conventional solid state reaction, t he critical current density was known 
to be very low due to the existence of impurity phases and the poor density. Komatsu et a/. 
reported 2 first that a dense superconducting ceramic can b<> obtained by melt-quenching 
m<>thod and superconducting phase is crystallized from amorphous slate during annealing. 
In the present Bi-Sr-Ca Cu-0 system, thr('e kinds of pcrovskit<' superconducting phases 
are known to exist 3, a..., characterized hy t he1r 1deal chemical co111pusi lions: B12 <;r _,Cu0,(2201) 
superconducting phase, Bi2Sr2CaCu20,.(2212) low Tc phao;e and B1 2Sr2Ca~Cu30.(2223) 
high 7~ one. Takano et a/. reported 4 that the Pb addttion and prolong('d heat treat-
ment is most effective to increase thr volunw fraction of 2223 high-Tc pha.o.,t•. 1lowt•ver, 
it wa." known to be difficult !> to obtain 2211 l11gh-Tc pha.•w a!- major on<' b} using the 
melt-quenching and annealing techniqu('. Another problem is that some impurity pha."es 
appear e~ily with superconducting pha."e~ ut the Bi-Sr-Ca-Cu 0 system. 
1i 
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It is important to make clear the phase relationship b('tween the superconducting 
phases and the impurity ones in order to produce only the 2223 h1gh-Tc single phase. 
However, the deta1ls have been scarcely reported till now. In th1s stud), Bi(Pb)-Sr-Ca-
Cu-0 superconductors were prepared by melt-quenching method and :.uperconducting 
property was investigated. Also, in order to clarify the relationship among various phases 
appeared dunng crystallization from the amorphous slate obtained by melt-quenching. 
The influence of Pb addition on crystallization process and thermal stability of :.upercon-
ducting phases have been investigated in detail. 
3.2 Experimental 
Oxide or carbonate powders of high purity Bi203, SrC03, CaC03, CuO and PbO were 
mixed and ground for 3.6 ks. The nominal compositions of lh(' mixtures investigated 
were Bi2Sr2C~Cu30. ,Bi1 sPb0 2Sr2C~Cu4 0. and Bi1 6Pbo 4Sr2Ca2Cu30 •. The mixture 
was melted in high purity alumina crucible at 1443 K, at which the specimen was kept 
only for a short time of 0.6 ks. because of avoiding serious reaction of the melt with 
crucible. The melt was poured onto a Cu plate and pressed by another Cu plate. Black 
colored glossy sheet ceram.ic with about 0.5 mm thickness was obtained by this procedure. 
Critical temperature, Tc and current, l c were measured by so called 4 terminal method. 
The criterion of 1 p,V / em was used for definition of l c. In order to examin e the phase 
change during crystallization process, the thermogravimetry and the differential thermal 
analysis (TG-DTA, Rigaku TAS 100 system) were performed in air with heating rat.e of 5 
K/min. In order to investigate the microstructure change, the specimen was heated with 
same heating rate as TG-DTA measurements and then quenched into liquid nitrogen. 
This heat treatment is called the HTl, as shown schematically in figure 3.1. On the other 
hand , the isothermal heat-treatment, which is called the HT2, was performed at various 
temperatures in a.ir and quenched into liquid nitrogen. The identification of phases existed 
was investigated by means of X-ray powder diffractometer (Philips PW 1700 system, XRD) 
and electron probe microanalyser (EPMA). The microstructure was observed mainly by 
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Figure 3.1 Schematic illustration of two kinds of heat treatments employed in present 
experiment. 
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the scanning electron microscope(SEM). 
3.3 R esults and discussion 
3.3.1 Superconducting property 
Temperature dependence of resistivity for Bi 1 sPb0 2Sr2Ca2Cu30. :.pecimen annealed 
at 1118 K for 604.6 ks was m<>a.. .. urcd and its result"~ shown in figure 32 The re:sisti\'Jty 
began to drop drastically ncar I 10 K and the 1~·""' at which resistJvJt)' becomes zero is 
observed to be 98 K. According to this, it is thought to be that high 'J~ phase exists 111 
the bulk and 1b grains ar<' conn<>cted in almost whole region of sp<>cimrn. 
Critical temperature:- for Bi 1 bPbo 2Sr2Ca2 Cu4 0, specimen annealed at 1118 K for var-
ious times were measured and 1ts results are list<.'d in table 3.1. 1~.of 1 was observed to 
increase with increasing the annealing times, excluded the case of 864 ks. Comparing 
with the 1~ for the Bi1 sPb0 2Sr2C~Cu30. specimen annealed at 1118 1\ for 604 6 ks, 'J ~ 
is found be low for the specimens with higher mole ratio of Cu. 












Figure 3.3 shows the microstructure of polished surface for Bi 1 0 Pb, 2Sr2Ca2Cu4 0. 
specm1en heat treated at 1118 l\. White colored nt>rdle-like superconducting phasr wluch 
was grown anisotropicall) wa.-, observed with impurity phases in thr sprwnen auncal<'<l 
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1118K,345 6ks 
2 Jc= 2·5A/ cm 
I lO.um, 
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1118K ,691.2 ks 
Jc =130A/ cm2 
Figure 3.3 Scanning electron micrograph of polis hed surface for Bi 1 sPb0.2Sr2 Ca2Cu40x 
specimen annealed at 1118 l<. 
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for 345.6 ks. Jc fo r the specimen annealed for' long time, wa..-, found to be higher than 
that for the specimen annealed for short tune. This is attnbuted to that connectivity 
between the grains of superconducti ng phases is improved by long time heat treatment. 
3.3.2 Phase r e la tio n 
Figure 3.4 s hows X·ray powder diffraction patterns for the melt-quenched and heat 
treated{IITl) spectmen!-. of Bi2Sr2Ca2Cu30, The pattern (d) indicates almm.t halo pat-
tern characteristic of the amorphou~ phast• and a :small cry:stallitl<' peak from CaO phase. 
Patterns (a), (b) and (c) indicate that variou;. phases crystallii'ed in sequenn' from the 
amorphous ;.tate during the heat treatment II J 1. 
Figure 3.5 shows the results of TG-DTA measuremenh As shown clearly in DTA 
curves, a change app<>ar(•d firstly at about 660 - 670 K, whrch ha.' been reported ~> to be 
caust>d by the glass transition by Komatsu t t a/. T he transrlion tewperaturc dccretl!-ed 
by the Pb addition. Three exothermic peaks marked by A. Band C appeared commonly 
for both specimens wtth and without Pb addttive. The strongest endothermic p<>ak, Y 
appeared at 1103 or 1113 K was assrgned to the onset temperature wluch a.ssocrates 
the appearance of liquid . This temperaturt' corre:;ponds to th<> tetuperature of which the 
weight o f the specimen began to decrease. In order to makt> cl<>ar the phase change during 
crystallization process, the relative X-ray intensities were measured, where t h<> diffraclton 
peaks fo r each phase m<>ntioned here are ci ted from references 6 - 9 • 
Figure 3.6 shows the dependence of X-ray intensity on aurH•aling tempe rat me for the 
phases appeared during the heat treatment IITl. The relatiw iuten!>ily indica t ('(l here, is 
the ratio of the inte nsity oft he represe ntative peak to the ::oum of inten::oitie::. of all respective 
peaks, which can be used as a qualitative measure of the volume fraction of each phase. 
As shown in figure 3.6(a), two crystaJline phases, 2201 and CaO were observed to exist 
in t he amorphous matrix at 773 K. Since CaO has already exist ed in th e as quenched 
specimen, it is suggested that the first exothermic peak at 73R 1\ a..-. shown in figure 3.5 
corresponds to thc crystallization of 2201 pha..<;e. This is COII!>l"tc ut with the results 
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of Ibara et al. 10 and Oka et al. 11 As shown in figure 3.5, the cry~tallization of 
2201 phase was found to appear at the lower temperature for the Pb additive specimen. 
According to this, Pb addition is thought to be effective to decrease the crystallization 
temperature of 2201 phase. The second exothermic peak, B appeared at 773 K for the 
none additive specimen can be assigned to the crystallization of CuzO, because CuzO 
was fir~tly detected at temperatures lower than 823 I< as shown in figure 3.6(a). As 
shown in figure 3.6(a), the relative X-ray intensity of 2201 pha..se reached maximum at 
823 I< and decrea...,cd gradually with increasing temperature, while the mtensity of 2212 
phase was detected at 923 K and increased with increasing temperature up to 1123 I<. 
According to this, the 2212 phase i~ thought to appear at temperature between 823 and 
923 K. As shown in figure 3.5, the third exothennic peak, C began to appear at 846 K 
for the none additive specimen. Since the appearance of phases detected at 873 K can 
assigned as mentioned above, the third exothermic peak,C is suggested to corre~pond to 
the appearance of the 2212 phase. 
Judging from the change of X-ray intensity for 2201 and 2212 phase as ~hown in figure 
3.6(a), it is suggested that the 2201 phase changes continuously into the 2212 phase. Two 
other phases, Cu2 0 and CaO are considered to relate with this reaction Jt was found 
that the Cu20 phase starts to change into CuO at around 1000 1<. The (Sr, Ca)2Cu03 
phase was detected at 1043 I<. As shown in figure 3.6(b), Cu20 phase can be detected at 
773 K for the Pb additive specimen. This is due to that the Cu20 phase already formed 
at around 752 I< a._., shown in DTA curve for the Pb additive specimen. The behavior on 
the appearance of 2201 phase for the Pb additiv<' specimen is found to Ul' different from 
that of none additive specimen. As shown in figure 3.6(b), the 2201 phase disappeared 
at about 1023 K and appeared again over 1100 1\. This reason will be discussed later. 
Ca2 Pb04 phase wa..<, observed in the temperature region between 973 and 1073 I<. 
F1gu re 3.7 shows the annealing temperature dependence of relative X-ray intensity for 
each phase in the specimens after heat treatment HT2, where the specimen was isother-
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Figure 3.6(a) T he relative X-ray intensity of the phase:- which appeared during heat 
treatment HT1 as a function of temperature for the none additive specimen, where Q : 
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Figut e 3.6(b) The relative X ray inten~:.ity of the pha-.c!-> which appeared during heat 
tr<'at ment HTI a. .... a function of temperature for the PL addttive specim<>n, where Q 
2201, 0: Cu 20,!:::,.: 2212, 0 CaO, x. CuO, \: (Sr,Ca)zCu03 , A . C'a~Pb04 , • : 
(Sr, Ca)JCu~O •. 
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shown in figure 3.7(a) and (b), the relative intensity of the 2201 pha..-.e decreased with 
increasing temperature, while 2212 pha.\'e appeared at 873 I\ and ib intensity incre~ed 
with increasing the temperature Comparing with the result of HTI, Cu2 0 could be 
detected at 773 I\ and it changed into CuO phase at the lower temperatures for tht' 
specimen annealed by HT2. As shown in figure 3.7(b), (Sr, Ca)CuO" could be detected 
at 973 and 1073 I< for only Pb additive specimen. It should be noted that the 2212, 
Ca2Cu03 and CuO for the none additive speCimen exist at 1123 I\ and the 2212, Ca2Cu0 3 
and (Sr, Ca)JCu~O. for the Pb additive spectmen. Judging from X-ray mtensity as shown 
in figure 3.7, the 2212 pha."<' is found to bra major pha~r at temperaturr!> between 1073 
and 1123 K for both none addttive and Pb addttive specimens. 
Figure 3.8 shows the annealing time dependence of relative X-ray mtenstty for each 
phase in the Pb additive specimen. The relative X-ray intensity of 2212 phase increa.s<•d 
gradually up to near 100 ks, while the 2201 pha.\'e decrea.\'<'d gradually and disappeared 
below 86.4 ks. It was considered that the growth of 2212 ph~e occurred continuously with 
increasing annealing time. Thr 2201 pha-.;e wa.., recognized to be unstal>l<· at J 123 K frotn 
the XRD resull~:. On the other hand, tht' relative X-ray mten-.ity of tit<> (Sr, CahCu0 1 
rcmatned ahno ... t con::.tant wtthm the experi111ental condttton. Beyoud GO·l.8 b, the IJOth 
relative X-ray intensities of 2212 phase and (Sr, Ca)3Cu!>Ox dl'creased and the 2223 pha..w 
began to appear and its relative X-ray intensity increased with increasing annealing tituc. 
According to thts, 2112 and {Sr, Ca)JCu!>Ox pha.\'es are thought to be a_<;sociated with th<> 
formation and growth of 2223 phase. 
According to Noda eta/. 12 aud Oka cf a/. 13• th<' 2212 pha~e dPconaposes to (\tO 
and the liquid at high temperat urel> abo\'r 1373 K It st•cm~ to be u•a.-.onable tu gPt 
the amorphou~ phase including the crystalltnc CaO pha~e by the melt-qawnching, when 
the specimen locates in two phase field of CaO solid phao;e and the liquid at quenching 
temperature. As described ahovc, it wa .... made clear that the 2201 pha.o;<• ts crystalh1cd 
firstly from the amorphous state. By the crystallization of 2201 phav•, the element Cu 
will be enricltC'd around the crystallin<> phasp and then tiH• Cu tich phil"<' i<; crystalliz<'<l 
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Figure 3.7(a) The relative X-ray intensity of the phases which appeared during heat 
treatment HT2 as a function of temperature for the Pb additive specimen. For symbol, 
see Fig. 3.6. 
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Figure 3 8 The relative X-ray intensity of the phase~ wh1ch appeared during i~othermal 
annealing at 1123 K as a function of temperature for the Pb additive specimen, where e 
. 2223 pha.-.c• 
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The crystallization of Cu20 phase was confirmed to occur at temperatures between 
752 and 773 K. As shown in figure 3.6(a), the 2212 phase was detected at 923 K, which is 
crystallized from the remaining amorphous part by the mass balance of element!> among 
the phases. This 2212 phase grows by absorbing the surrounding crystalline phases. 
Dunng this process, the following reaction may occur, 
2201 + CaO + 1/2Cu20--+ 2212 (3.1) 
Meanwhile, Oka et al. reported 13 that the structural change of 2201 pha-;e to 2212 
phase occurs at temperature range between 1023 and 1073 K for the Bi2Sr2Ca1('u20, 
specimens. As shown in figure 3.6, this change was found to occur at the lower tempera-
tures. This difference might be resulted from theu different nominal composition . 
Figure 3.9(a) shows the microstructure at 1073 K for the specimen annealed by HTI , 
where CuO, (Sr, Ca)2Cu03 and (Sr, Ca)CuO. were observed. The volume fraction of 
(Sr, Ca)CuO. phase was evaluated to be negligibly small. As shown in figure 3.9(b), five 
phases, 2212, 2201, CuO, (Sr, Ca)3Cu:.Ox and (Sr, Ca)2Cu03 were detected at 1123 K 
for HT1 treatment. As CuO is observed inside the (Sr, Ca)3Cu:.O. phase, a peritectic 
reaction is closely related to the formation of (Sr, Ca)JCu:.Ox phase. The 2201 ph~e w~ 
observed with large volume fraction. Considering the above results, the following reactiOn 
can be suggested in the temperature range between 1073 and 1123 K; 
2212 + CuO --+ liquid+ (Sr, Ca)JCu!>Ox (3.2) 
This reaction is accompanying with a partial melting. During quenching, the liquid will 
be crystallized into 2201 phase. Figure 3.9(c) shows the microstructure annealed at 1123 
K for 86.4 ks. It was observed that four phases, 2212,2201, C~Cu03 and (Sr, Ca)JCu:,Ox 
coexist. The 2212 phase has grown with plate-like shape and covered over the matrix. 
3.4 Conclusion 
The main conclusions of the present study are the following; 
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1. B(P)SCCO amorphous ceramic could be obtained by melt-quenching method. Af 
ter heat treating Bi1.6Pbo 4Sr2C~Cu30x amorphous ceramic, superconducting bulk 
which exhibited 98 K of Te,off could be prepared. 
2. Long time heat treatment was effective to increase Je becau!'e the connectivity 
between the grains of superconducting phases is improved by long time annealing. 
However, Te was found to decrease for BPSCCO specimens heat treated for very 
long time. 
3. 2201 phase and Cu20 were found to he crystallized in sequence from the amorphous 
pha'ie during heating. These crystalilzatiou occurs at th<> lower temperatures for the 
specimens with Pb additive. 
4. The 2201 phase changed to 2212 phase with increasing temperature up to partial 
melting. 
5. It was suggested that the 2212 pha'ie reacts with CuO, and then the liquid appears 
accompanying with (Sr, Ca)3Cu:.O. phase. 
6. The 2223 phase could be formed by prolonged annealing at I 123 1\ 
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Chapter 4 
Temperature dep ende:nce of phase 
relation in the Bi-Pb-Sr-Ca-Cu-0 
superconducting ceramics 
4.1 Introduction 
Since the discovery 1 of Bi-Pb-Sr-Ca-Cu-0 (BPSCCO) superconductor, many efforts 
have been carried out to investigate the formation mechanism of 2223 high Tc phase. 
Many groups reported 2- • that the 2223 phase in BPSCCO system is formed during 
partial melting and Pb hastens the formation of 2223 phase. T he synthesis of 2223 singl e 
phase by the usual solid rea.ction techniqu<' has been recognized to h<' impossible because of 
the existence of liquid phase. Unknown factors still remain about what phases associate 
with the formation and decomposition of 2223 phase. From the technical view poi nt 
for prod ucing high quality BPSCCO bulk, the information of phase relation at respective 
sintering temperature is very important. Moreover, supercond ucting properties of ceramic 
superconductor depend on the volumr fraction of superconducting phase as well as the 
morphology of impurity phases. In this study, we investigated mi crostru cture change and 
phase relation in BPSCCO bulks sintered at temperatures between 1073 and 1223 K. 
G9 
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4.2 Expe rimental 
High purity Bi2 0 3, Pl>O, SrC'03 , CaC03 and CuO were weighed and mixed wrth I 6:0.4· 
1.6:2.0:2.8 in mole ratio of BrPh:Sr:Ca:Cu. After repeatmg the calcination twice ttl lOiJ 
K for 43.2 ks and the pulverizing for 10.8 b, the pellet wa.." prepared by uniaxial cold 
pres~ing. It was sintered at temperatures between 1073 and 1223 K for :.i.6 - :JGO b in 
air atmosphere and quenched into liquid nitrogen The werght of pellet l>efore and 11fter 
sintcring was measured wrth in accuracy of 0.1 mg. Identification of the ph~c~ existed 
was performed by means of EPMA and XRD analysis (Cuka). By assigning two or more 
peaks in the powder diffraction pattern. the eJci,terKl' of the pha.,e was regbter<>d . TG 
DTA was measured with heating rate of 5 K/ min in air atmosphere. Here, calcined 
powder with 60 mg wa.s U!-.ed a..<t the specimen for mea. ... urement. 
4 .3 R esults and discussion 
By using both EPMA and XRD techniques, nine phases have been detected from all 
the samples examined here. We indicated each phac;e by using syml>ol a to i in this paper 
a" listed in table 4.1. 
Table 4.1 Phac;es existed in the BPSCCO sample~ srntered at 1073 - 1223 K ,detected 
by the X-ray diffraction (XRD) and electron probe micro analysis (EPMA). 
Syrn hoi Phase XRD EPMA 
a 2223 0 X 
b 2212 0 X 
c 2201 0 0 
d CuO 0 0 
e Ca2Pb04 0 0 
f (Sr,Ca)2CuOJ 0 0 
g (Sr,Ca)JCu:,O, X 0 
h (Sr, Ca)CuO, 0 0 
(Sr, Ca)O, X 0 
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By XRD technique, however two pha:.es, g and i could not he identrfied because of 
overlapping with the major superconducting phases. On the othrr hand, EPMA technique 
distinguished all phases except the indiscrimination between 2212 and 2223 phase. 
Figure 4 .1 shows the sintering temperature dependence of bulk densrty and weight 
loss, ~ W /W for the samples sintered for 360 k-. at various temperatures Bulk den!-.ity 
decreased continuously with increa. ... ing temperature up to 112:3 1\, but tended to increa-;e 
at temperature~ between 1128 and 1133 1\ . The decrease or the increase of density of the 
samplr could be explained by the cxpanston ,; due to the formatron and growth of 22:2-l 
phase or t lw appearance of liqutd accompanying with tlw d<>conrpo:-ition of 2223 pha:--<' , 
re:-Jwdivel) On the other hand, th(• weight lo:-,., of sample chang<•d with three stage:- O\'<'T 
the temperature range; the rate of we1ght loss became slight!} lugh at I 103 - 1128 K due 
to the evaporation of Bi and Po element during partial meltrng and the rapid increa~e 
beyond 1128 K is attributed to evaporation of volatile element from the increasing liqurd. 
Figure 4.2 shows the result ofTG DTA measurement in the temperature range between 
1023 and 1203 K. As shown in the TG curve, the weight lost continuously and rapidly 
decreased beyond 1123 I< and the decrea..-.ing rate became slow above 1 143 K. In the D1 A 
curve, some endothermic peak'> were obi-crved The rapid decrease of weight loss and the 
endothNrnic peak around 1140 1\ wa,., due to decomposition of 2212 phase. 
Figure 4.3 shows the powder XRD patterns for the sample:. srntered at temperatures 
between 1073 and 1113 1<. It wa..-; found that six different ph<lbes wNe tdentified for tlw 
sample sintered at 1073 K for 360 ks a,._ listed in table 4.2. At temperatur('s between 1073 
and 11131\,2212 pha~eexisted a.., a111ajor pha.;c and the Cu0,('<12 Pb04 , (Sr,Ca)2C'u0.1 
and (Sr, C'ahCu:,O, phases were confirmed to coexist. As shown in figure 4.3, three 
Bragg peaks, (113),(115) and (0010) of 2201 phase were detected at 10i3 K. The peak 
intensity of (0010) decreased with increa..<>ing sintering temperature and disappeared at 
1113 K. Above 1103 K, it was found that four Bragg peaks of 2223 pha..<.e were present. 
Peak intensities of other phases chaug<•d slightly with increasing tclllperature ac; shown in 
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Table 4.2 Phases existed in the sample at temperatures between 1073 and 1223 K, where 
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liquid appears By this eutectic reaction, the 2201 phase is suggested to disappear. 
Figure 4.4 shows the powder X RD patterns for the samples sintered at 1118 1133 
K. At 1128 K, almost X ray peaks could be assigned to be 2223 phase. Combining the 
Ito's result and the change of X- ray intensities of 2212,2201, Ca2PbO• and 2223 phases 
in the temperature range between 1073 and 1128 K, it is suggested that the 2212 phase 
reacts with the liquid, which was eutectically formed from C~Pb04 and 2201 phase, 
and then 2223 phase is formed. Hatano et al. [> suggested that the Pb-enriched-tiquid 
phase enhances dissolution of the 2212 phase and the impurity phases, especially of the 
high melting temperature compound i.e.(Sr, Ca)3Cu[>O •. According to this, Ca and Cu 
is thought to be supplied from the melt and the 2223 phase grew continuou:;ly. The X 
ray peaks of CuO and (Sr, Ca)2Cu03 were still observed but the X ray peaks of 2212 
and Ca2Pb04 phase diminished at 1128 K. According to this, CuO and (Sr, Ca)2Cu03 
phases arc suggested to be inactive with the formation of 2223 phase Judging from the 
change of X ray pattern between 1128 and 1133 K, it is considered that 2223 phase began 
to decompose into liquid and other phases. At 1133 K, the X ray peaks of 2212 phase 
which diminished at 1128 K were again observed and many peaks of 2201 phase were 
also detected. It was considered that 2212 and 2201 phases were crystallized from the 
liquid when the sample was quenched into liquid nitrogen from sintering temperature as 
reported 7 by Oka. et al. 
Figure 4.5 shows the XRD patterns for the samples sintered at I 143 1223 K. The 
X ray peaks of 2212 phase were also detected at 1143 1<. At 1153 K, 2223 and 2212 
phase:; could not be detected, while the X-ray intensities of (Sr, Ca)2Cu03 , (Sr, Ca)C'uO, 
and 2201 phase remarkably increased. (Sr, Ca)CuO. phase was found to diminish over 
1173 K. 
Figure 4.6 shows the change of X-ray intensity for (002)plane of 2223 phase in the 
samples sintered for 360 ks and 72 ks against sintering temperature. For the case of 360 
ks sintcring, 2223 phase could be detected at temperatures between 1103 and 1143 K. 
The larger amount of 2223 phase was produced in the narrow temperature range between 
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Figure 4.4 X-ray powder diffraction pattern for the samples sintered at 1118 1133 K 
for 360 ks. 
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1123 and 1128 K. The temperature range shifted at the higher temperature for the 
samples sintered for the shorter time of 72 ks . As clearly shown 10 figure 4.6, it is 
concluded that the 2223 phase is produced only at temperatures between 1103 and 1143 
K. 
Figure 4. 7 shows the microstructure of polished surface for the samples .sinterecl at 1093 
- 1113 K for 360 ks. It was observed that plate like grains of 2212 phase distribute ran· 
domly together wllh impurity phases. A coarsening occurred by coalescence among grains 
of 2212 pha."e at 1093 1108 K. Impunty phases such a.o.; Ca2Pb04, CuO, {Sr, Ca)2Cu03 
and (Sr, CahCu~.o. were commonly observed at 1098 - 1113 I< 
Figun• 4.8 :-;hows the rrucrostructure of polished surface for the samples sintered at 
1118 - 1133 K. At 1128 K, the major phase was a dense 2223 pha!-t'. Impurity pha..;;es 
such a.o.; {Sr, CahCu0.1 and {Sr, CahCu!>Ox were still observed. At 1 n:J 1\ , coarse grain~ 
of (Sr, Ca)2Cu03 and (Sr. Ca)CuO. were observed m the wide region. 
Figure 4.9 show~ the microstructure of polished surface for the samples sintered at 1143 
1233 K. (Sr, Ca)2Cu03 phase which has facet interface and (Sr, Ca)CuO. phase became 
large in size at 1143 - 1153 K. Judging from crystal morphology and amount of these 
two phases.(Sr, Ca)2Cu03 and (Sr, Ca)CuO, , they are ~uggested to be formed during 
decomposition of 2223 phase. No (Sr, Ca)CuO. phase could be observed over 1173 K. 
The pha.c;e assigned by i at 1223 K was estimated to have a chcnucal form of (Sr, Ca)O. 
by means of EPMA analysis, where the composition ratio Sr/Ca was about 0.86/0.14. 
This phase was firstly identified in the present study. 
Combining the result!:. of X RD analysis with EPMA analysis, the temperature depen-
dence of phase relation at respective temperature was evaluated as indicated in table 4.2. 
The relative amount of each phase is indicated by the number of symbol X. The 2223 
phase is present maximumly at 1128 K, where no 2212, 2201 and Ca2Pb04 are observed, 
but a small CuO, (Sr, Ca)2Cu03 and (Sr, Ca)JCu:.Ox coexist. The 2201 phase disappeared 
above 1093 K, but it was detected from the samples quenched from temperatures above 
1133 K, because it forms from the melt during quenching Ca2Pb04 is suggested to 
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Figure 4. 7 Scanning electron micrographs of polished surface for the samples sintered at 
1093 - 1113 K for 360 ks. 
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Figure 4.8 Scanning electron micrographs of polished surface for the samples sintered at 
1118 1133 K for 360 ks. 
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Figure 4.9 Scanning electron micrographs of polished surface for the samples sintered at 
1143 - 1153 K for 360 ks, at 1 173 K for 10.8 ks and at 1223 K for 3.6ks. 
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diminish over 1123 K by melting. (Sr, Ca)2Cu03 phase was confirmed to exist at all 
temperatures investigated. 
4.4 Conclusion 
The phase relation and the formation condition of 2223 phase in the BPSCCO sys-
tem were widely investigated by using samples sintered at various temperatures. The 
conclusions obtained by present study could be summarized as follow; 
1. The 2223 phase was found to be formed by the reaction of 2212 phase with the 
liquid, which is produced eutectically from 2201 phase and Ca2Pb04 and 2223 phase 
decomposes into liquid and (Sr, Ca)2Cu03 and (Sr, Ca)CuOx phases. 
2 2212 and 2201 phases were confirmed to be formed during quenching from the 
sintering temperature above 1133 K. 
3 (Sr, Ca)Ox compound was firstly observed in the sample sintered at 1223 K. 
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Chapter 5 
Heat treatment dependence of 
superconducting properties in Ag 
sheathed Bi-Pb-Sr-Ca-Cu-0 tapes 
5.1 Introduction 
The serial discoveries of high temperature superconductors(HTSC') caused many pm.-
sibilities to the field of power system and electronics. Comparing with the metallic su 
perconductors, however, many difficulties are involved in HTSC. E::.pe('ially, low critical 
current denslly has been embossed on the development of this material . This is thought to 
be mainly due to intrinsic physical propertle::. such as short coherence length , anisotrop~ 
of properly and microstructure factor~ such as percolation, weak hnk and pinning cen· 
ters. Considering the application of high temperature superconductor into electric and 
electronic fi eld, the development of superconducting wire is indispensable. For realizing 
this, foll owing conditions are requested. 
l. Improvement of superconducting property 
2. Improvement of mechanical property 
3. Productivity for long wire 
Up to dat e, many processes for wire fabrication shown in table 5. 1 have been ceaselessly 
d('veloped and then, high quality material !> o f HTSC have been obtai ned. However, the 
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Table 5.1 Various fabrication processes for high temperature superconductors 
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materials which clearly satisfied above conditions arc few. 
The powder-m-tube technique has been known as the most suitable process for wir<' 
fabrication because of many potentialities. As a composite processing, thermomechanical 
treatment (TMT) is employed in the process of this technique and the silver which is 
chemically stable to other elements wvolved in oxide and superior to oxygen diffusion is 
used for tube. The microstructure control of oxide in Bi-(Pb)-Sr-Ca-Cu-0 superconduct-
wg tapes can be achieved by means of optimizing the TMT condition and choosing the 
combination of cold working processing. 
Ther<' ar<' two main currents from the viewpoint for utiliZIItg the B(P)SCCO super· 
conducting phases, which are 2212 low 1c( 80 "'85 K) phase or 222:i high Tc (105"' 
110 K) phase. In the meaning of applied superconductivity, superconducting wire made 
from BSCCO of 2212 phase is expected to be used as a cotl of sup<'rconductwg magnet 
operated at 4.2 K because of low critical temperature(80 "' 85 K) . Since single pha..'>c 
of 2212 phase can be obtained, the refinement of microstructure is mainly expected front 
improvement of textured structure. Recently, critical current densities ( at 4. 2 K) with 
practical level have been reported 1•2 by Enomoto and Kase et a/. On the other hand, the 
basic studies for the Ag sheathed BPSCCO superconducting wtre whtch can be utilized 
at liquid nitrogen temperature has been carried out l-!> by Sato, Yarn ada, Oh et a/. 
In the present study, the heat treatment conditions of thcrmomechanical treatment 
were minutely investigated as basic research for developing Ag sheathed BPSCCO with 
high performance; especially influences of TMT cycle, temperature and cooling rate on 
critical current density have been examined. Based on the prcs<•nl experimental re~ults, 
the influence of microstructural factors on Jc and Tc has been discussed 
5.2 Experimental 
5.2 .1 Spe cimen preparat ion 
High purity( 99.9 %) Bi2 0 3 , PbO, SrC03 , CaC03 and CuO powders were weighed with 
composition of Bio 8 Pb0 2Sr0 8CaCu 1 40. and mixed sufficiently The mixt urc was calcined 
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at 1073 1\ for 43 2 ks w air m order to obtain the 2212 phase and pulvenzed for 10.8 
ks. Thi;. powder 1;. called A m this article. This process wa.' repeated for prepanng 
homogeneous calcined powders. A part of the powder was further heat treated at 1118 
K for 360 ks to produce 2223 phase(powder B). Calcined powders were filled in the sliver 
tube with dimension of 5 or 6 mm outer diameter and 1 mm thickness. The cold working 
process employed h<>r<' is described as follows. The diameter of silver tube was reduced 
by swag1ng and other techniques such as drawing, rolling with groove, ca.'isette roller die 
processing, 1n sequence. Then the thin wire was deformed to tape shaped specimen by 
cold pr<>ssinp; with uniaxial pressure of about 600 ,...., 900 MPa. The specimen was heat 
treated twice in air. The first and second heat treatment in TMT process is called HTl 
and HT2, respectively in the present text. After 1st heat treatment, th<' speCimen was 
repress<>d . I ht• procedure of specimen preparation and TMT process was presented m 
figure 5.1 and 5.2, respective!) The size of tape specimen wh1ch wa. .. finally obtained wa" 
presented in figure 5.3. 
5.2.2 Measu rement of sup erconductiv ity 
The cntical transition temperature, Tc was resistively measured. Here, Tc,off and Tc,on 
were defined by tlw temperature at which the resistivity becomes zero, and the temper-
ature of inters«.>ction of normal state line against the transition line, respectively. This 
definition wa.s presented in figure 5.4 The critical transport current measurements have 
been performed at 77.3 K without magnetic field. This measurements were automatically 
performed by using personal computer system as shown in figure 5.5 and the lc was de-
fined by 1 pV / cm criterion. The critical current density wa<> calculated as the critical 
current divided by the cross-sectional area of the oxide layer in specimen. 
5.2.3 Microstructure a nalysis 
In order to prepare the specimen for observation, the specimens after measurements 
were cut out and mounted to resin. The surface was ground with emery papers of silicon 
carb1de and finally polished with alumina dust by using rotatmg polishing wheel. 
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SAMPLE P R E PAR A TI ON 
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Gr n d 
l 
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C a 1 c n a t o n 
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p i p e 
Figure 5.1 Schematic illustration of specimen preparation. 
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Figure 5.2 Schematic illustration of thermomechanical treatment. Figure 5.3 Size of tape specimen. 
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Figure 5.4 Schematic illustration of definition for critical transition temperatures , T c,cm 
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Figure 5.5 Schematic illustration of electric circuit for the critical transport current 
measurement by automatic system. 
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The microl>tructure of polished surface was ob::.erved by means of secondary electron 
1mages using c;cannmg electron microc;cope(SEM). The identification of phases existed in 
BPSCC'O oxide was carried out by means of electron probe micro analyser(EPMA) and 
X-ray powder diffractomer(PJ-IILLIPS PW-1700) with Cu leer, where the specimen for 
X RD measurement was prepared by stripping the Ag sheath and attaching it to silicon 
sheet of single crystal. In order to evaluate the preferred orientation of grain of supercon-
ducting pha.c;es, Schultz reflection method was employed as a pole figure measurement. 
The geometry of measurement was presented in figure 5.6. 
5.3 R esults and discussion 
5.3.1 Influence of calcined powders 
Figure 5.7 show~ the X ray powder diffraction pattern for calcined powder~. 2212 pha:;c 
as a major phase was observed together with other impurity phases such as Ca2 Pb04, 
CuO, (Sr, CahCu03 , and 2201 phase. A small amount of (Sr, Ca)JCu~O. phase was 
confirmed to exist. in calcined powder by EPMA analysis. During the cyclic process of 
calcination and pulverization, it was considered that the mixed particles of starting mate-
rials became to fine and 2212 phase and other phases were formed after the decomposition 
of oxide and carbonates . 
Figure 5.8 shows the influence of kind of calcined powder on critical current density. 
The oxide layer t.hickness, to dependence tends to equalize irrespective of the different 
types of powder used, within experimental accuracy. The effect of different powders will 
be eliminated by the following heat treatment and pressing and therefore the results for 
powder A are mainly mentioned hereafter. 
5.3.2 Microstructure change by TMT process 
Figure 5.9 shows the comparison of XRD pattern between the tape specimen prepared 
SDPHT1PIIT2 and the bulk sintered at 1113 K for 540 ks. Nevertheless, the heat treat-




Figure 5.6 Schematic illustration of specimen configuration i11 the pole figure measure-
ment. 
9i 
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Figure 5.7 X- ra.y powder diffraction pattern of calcined powder, where 0: 2201 phase, 
6 : 2212 phase, A : Ca2Pb04 , x : CuO and \1 : (Sr, Ca)2Cu03. 
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Figure 5.8 The critical cu rrent density as a function of oxide layer thickness for the 
specimens prepared by two kinds of calcined powders of 2212 phase (A), and 2223 phase 
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Figure 5.9 The X-ray powder diffraction patterns for the tape specimen prepared with 
SDPHTl PIIT2 and the bulk heat treated at 1113 K for 540 ks, where e : 2223 phase( 
other symbols are indicated in figure 5.7). 
--
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difference of production method. It can be confirmed that the 2223 phase with preferred 
orientation of a-b plane appeared as a major one for the Ag sheathed BPSCCO tape. On 
the other hand, for the bulk specimen, it was found that the 2212 phase becomes major 
one and the volume fraction of impurity phase is larger than that of Ag sheathed one. This 
is thought to be attributed to the differencc of cold working and formation temperature 
of 2223 phase by Ag sheath. 
Figure 5.10 shows the XRD patterns for the specimens with various cycles of TMT 
process. During first heat treatment, 2223 phase is thought to nucleate and grow by 
the reaction in calcined powders consisting of 2212 phase and impurity phases as shown 
in figure 5.7. In the pattern{a) and (b) for the specimen with SPHTIPHT2PIIT3 and 
SPHTl PHT2, it was found that the X-ray mtensities for 2223 pha.-.e increased, but they 
for 2212 phase decreased. The intensity of 2223 phase w~ found to increa.-;e for the 
specimen prepared with SPHTI PHT2(b), compared to that for specimen prepared with 
SPHTl P( c). According to this, the volume fraction of 2223 phase is thought to increase 
during second heat treatment. In order to examine the degree of preferred orientation for 
{a-b) plane of 2223 phase, the following conventional technique • is available. The factor 
F(%) which reflects the preferred orientatiou is defined as follows; 
where, 
p _ EJ(OOL) 
I- EI(H A.L) 
(5.1) 
(5.2) 
l(H 1\. L) is the X-ray intensity of H K L plane of the 2223 phase measured by the usual 
B- 2B diffractometor. EI(H K L) indicates the summation of all diffraction intens1ties for 
the 2223 phase in the measured range of scattering angle and EI (OOL) is the sum for the 
(OOL) diffraction intensities, P1 and P2 are the measured one from the reference value from 
the randomly oriented specimen and the preferred oriented specimen, respectively. It was 
made clear that the preferred orientation of (a-b) plane for 2221 phase occurs during 
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Figure 5.10 X ray powder diffraction patterns for the specimens prepared with various 
TMT cycles. (a): SPHT1PHT2HT3, (b): SPHT1PHT2, (c): SPHTlP, where symbols 
are indtcated in figure 5.7 and 5.9. 
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second heat treatment as indicated F values of each specimen in table 5.2. 
Table 5.2 F factor(%) for the specimens prepared with various T.MT cycle. 
TMT SPHTIP SPHT1PHT2 SPHTIPHT2PHT3 
F(%) 78.4 84.3 86.3 
The degree of preferred orientation for a-b plane can be directly evaluated by pole 
figure analysis. Figure 5.11 shows the pole figure of (00.12.) plane in 2223 phase for the 
tapes prepared with different TMT cycles. The experimental data are presented in th<' 
region of tilting angle ('1,1) between o· to ss·. The pole figure( a) is for the specillten 
prepared with 1 TMT cycle. Relatively high intensities which distributed anisotropically 
were found near 30• tilting angle. This implies that the degree of preferred orientation 
of (a-b) plane is considered to be low for the specimen after l TMT cycle. For the ca.-.c 
of (b), the intensity distribution exhibited symmetric contour and the intensity increased 
isotropically with decreasing the tilting angle and maximum intensity is found to be high 
compared to be (a). This result suggests that the plate-like grains of 2223 phase aligns 
parallel to the tape surface. According to this, textured structure is considered to be 
improved by repeating TMT cycle. 
5.3.3 Influence of TMT cycle 
Figure 5.12 shows the effect of TMT cycle(P ;:=:! HT) on the critical current density. 
After SD or S treatment, the pressing and heat t reatment wer<• repeated according to 
S(D)Pll1T1P2IIT2 .... , where first heat treatment HTl wa.:, performed at 1108 K for 360 
ks and further heat treatment at 1108 K for 36 ks. For cycle of up to three times Jc 
increased, but on further cycle Jc decreased. Figure 5.13 shows the layer thickness de-
pendence of critical current density for the specimen processed by S(D)PHT 1PHT2 or 
S(D)PHT1PHT2PHT3, where temperature of heat treatment(HTI = IIT2 = HT3) is 
11 13 K and time is 360 ks(HTI) and 180 ks(HTJ = HT2). Irrespective of the dtffcrent 
cycle in TMT process, both specimens exhibited almost similar Jc with respect to to. 
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(a) 
nd 
Figure 5.11 Pole figure of (0011) plane in 2223 phase for the tapes prepared with different 
TMT cycles. (a) : 1 TMT cycle, (b) : 3 TMT cycles. 
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F1gu re 5.13 The critical current density as a function of layer thickness for the specimens 
prepared w1th different TMT cycle. 
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Comparing with the result from figure 5. 12, it was found that the dependence of numher 
of cycle on Jc depends on heat treatment temperature and time. 
5.3.4 Influence of heat treatment temperature 
Figure 5.14 shows the influence of heat treatment temperature for HT1 and HT2 on 
critical current density, where temperatures for both HT1 and HT2 were th<' same. It was 
found that the specimen heat treated at higher temperature exhibits higher Jc. Figure 5.15 
shows the influence of first heat treatment temperature on critical current density, where 
the second heal treatm<'nl was fixed at I 113 I<. The specimen heat treated at 1113 K for 
first heat treatment exhibited higher J, with respect tot 0 • Figure 5. 16 shows the influenre 
of second heat treatment temperature on the c ritical current density for the specimens 
annealed at 1108 K in first heat treatment. It was found that the critical current density 
increases with increasing temperature and reaches to a maximum at range of 1113 "' 
1118 K, then decreases with further increase of temperature. It should be noted that Jc 
changes remarkably in a so narrow temperature range between 1093 and 1123 K. Figure 
5.17 shows the second heat treatment temperature dependence of critical temperature 
for the specimen plotted as solid circle in figure 5.16. The critical temperature was 
higher than 100 K for all specimens examined here and became highest at 1113 K, while 
t::.T = Tc,on- Tc,off became narrowest. T his suggests that the crystal grains of 2223 pha.c;e 
are well connected with each other. The annealing temperature dependence of 7~ is well 
consistent with that of th e J, as seen from figures 5.16 and 5.17. When the speci 1Hen 
was heat-treated at 1123 I<, both J, and T, decreased remarkably. Pigurc 5.18 also shows 
the influence of second heat treatment temperature on the critical current density for the 
specimens annealed at 1113 K m first heat treatment. 
It was found th at J, was maximized at 1113 K. Comparing with the results from fi gure 
5.16, similar temperature dependence of J, was observed with irrespective of first heat 
treatment temperature. 
Figure 5.19 shows the change of X-ray diffraction pattern for the specimens heat treated 
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Figure 5.14 The critical current density as a function of layer thickness for the speci mens 
prepared at different temperature for both HT 1 and HT2. 
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Figure 5.15 T he critical current density as a function of layer thickness for the specimen!. 
prepared at different temperature for HTI, where temperature for IIT2 was 1113 K. 
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Figure 5.16 The critical current density as a function of temperature for HT2, where 
temeprature for HTI was 1108 K. 
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Figure 5.17 The critical transition temperature as a function of temperature for HT2. 
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Figure 5.18 The critical current density as a function of temperature for HT2, where 
temperature for HT1 was 1113 K. 
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at various temperatures for HT2, where the first heat treatment was fixed at 1108 K. 
It is difficult in general to identify (Sr, Ca)3Cu.s0x phase by X-ray diffraction because its 
diffraction patterns overlap with peaks of 2223 phase. But it can be easily detected by 
EPMA analysis. It was confirmed that 2223 phase existed as a main phase and 2212 
phase also existed with smaller amount than 2223 phase at any temperature and other 
two impurity phases Ca2 Pb04 and CuO were commonly detected for all specimens heat 
treated at different temperatures. For the specimen heat treated at 1123 K for HT2, 2201 
phase could be detected. In a previous study 6 , it was confirmed that 2223 phase for 
sintered bulk dissolves liquid and other solid phase at about 1128 K, and then 2201 phase 
was crystallized during cooling. According to this, the decomposition of 2223 phase which 
was formed in first heat treatment was thought to occur during second heat treatment at 
1123 K for present Ag sheathed tape. Figure 5.20 shows the intensity distribution from 
(001Q.) plane against tilting angle, which was obtained from the pole figure analysis. For 
all the specimens, the intensity became maximum at 'if;= 0 and decreases with increasing 
angle. Judging from intensity level and FWHM(Full width at half maximum), it was 
clearly shown that the preferred orientation of a-b plane is improved for the specimen 
heat treated at higher temperature. F(%) values were calculated and summarized in 
table 5.3. F(%) increased for the specimen heat treated at higher temperature. This 
tendency is consistent with result from the pole figure analysis. 
Table 5.3 F factor(%) for the specimens heat treated at various temperatures 
for HT2. 
Temp.(K) 1093 1113 1123 
F(%) 66.1 86.0 91.73 
Figure 5.21 shows the microstructure of polished surface in the cross-section perpen-
dicuJar to the current flow for the specimens heat treated at various temperatures for 
HT2. The elongated plate-like grains were assigned as superconducting phase. As shown 
in figure 5.19, the coexistence of both 2212 and 2223 phases arc indicated from the X-ray 
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Figure 5.19 The X ray diffraction patterns for the specimens heat treated at various 
temperatures for HT2, where temperature for HT1 was 1108 K, where the symbols are 
ind1cated in figure 5.7 and 5.9. 
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Figure 5.20 The intensity distribution from (OOlQ) plane against the tilting angle, V'· 
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Figure 5.21 Scanning electron micrographs of polished surface for the speci mens heat 
treated at variou!; temperatures for HT2, where a,b,c,d are for 1093, 1103, 1113 and 1123 
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Figure 5.23 Cooling rate dependence of critical current density, where solid symbols are 
data for a.tr cooling. 
Chapter 5 119 
analysis. It is, however, difficult to distinguish' both phases from th<' SEM photos Ex 
cept these superconducting phases, a (Sr, Ca)JCu:.Ox impurity phase dispers<':-. conunonly 
for all specimens. For the specimen of 1113 K, it was observed that the volume fraction 
of {Sr, Ca)JCu:.Ox decreased remarkably. The Jc increases for the specimen mcluding the 
smaller amount of {Sr, Ca)JCu:.Ox phase. For the case of 1123 K, it wa.<> observed that 
the superconducting pha.<>e became coarser. This oriented structure observed at 1123 K 
is consistent with the result of pole figure as shown in figure 5.20. 
5.3.5 lnft uence of cooling r ate 
Figure 5.22 shows the cooling rate dependence of critical temperature. After final heat 
treatment, the specimen was cooled with various rate. The data reported by Kikuchi 
et a/. 8 for bulk( Bi 1 6 Pb0 4 Sr1 6Ca2Cu4 O.) prepared by conventional soltd state reactton 
method are also plotted in the graph. Combining present tape's data with bulk ones, 
critical temperature wa.<; found to decrease at very slow cooling rate and air cooling. For 
the case of present tape, optimum cooling rate to maximize Tc,off wa.<> in the range from 
about 100 K/h to 400 K/h. The decreas<> of Tc,off for the air cooled specimen 1s thought 
to be related with the thermal stress 8 and change of oxygen content 9 at and near graut 
boundaries by quenching. The degradation of Tc,off for the air cooled tape wa..s found 
to small as compared to that of bulk. Figure 5.23 shows the cooling rate dependence of 
critical current density for the same specimens shown in figure 5.22. Jc was also strougly 
dependent on the cooling rate. The tape specimen cooled with 100 K/lt exhibited high('st 
Jc. Cooling rate dependence of Jc shows similar trend with that of1~.off· Dcg1adation of 
Jc for air cooled specimen was thought to be associated with decreas(' of 1~.oJJ 
5.4 Conclusion 
BPSCC0(2223 phase) superconducling tape could be succesc;fully prepared by powdn-
m-tube lechmquc. The main conclusions are the following; 
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1. A refined structure with high volume fraction of 2223 phase was obtained by employ-
ing the thermomechanical treatment, compared to bulk prepared with conventional 
sintering. 
2. Both superconducting properties, lc and Tc have been made dear to become best 
for the heat treatment at 1113 K. 
3. Superconducting properties degraded for the specimen heat treated at 1123 K be-
cause of appearance of 2201 phase. 
4. The volume fraction of 2223 phase was confirmed to increase during second heat 
treatment. 
5. The preferred orientation of (a-b) plane was improved by repeating TMT cycle. 
6. The optimum cooling rate to maximize both Tc,ofl and lc was found to be typically 
of 100 Kfh. 
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Chapter 6 
Influence of cold working on the 
critical current density of Ag 
sheathed Bi-Pb-Sr-Ca-Cu-0 tapes 
6.1 Introduction 
Although the cuprate high temperature superconductors(HTSC) are known as promis-
ing materials from the view point of their high transition temperature, the critical current 
density (Jc) for bulk oxide are known to very low, compared with that of metallic super-
conductors. For considering the large scale application as magnet coil, improvement of 
Jc for oxide superconductors is requested greatly. Larbalestier pointed out 1 that many 
of eventual applications of HTSC depend on the realization of transport critical current 
density of order 10~ A/cm2 or more at 77 K. The critical current density in magnetic 
field is considered to depend on the microstructure of oxide. At the grain boundaries the 
crystal structure is not regular and there is a tendency, where impuritie!-. concentrate at 
the grain boundaries owing to the irregular structure. It has been known that disloca-
tion networks, small voids, cracks, 2 carbon 3 and amorphous layer 2 exist at the grain 
boundaries and grain boundary a.ct as barrier against superconducting current because 
of weak link behavior and makes Jc decrease in polycrystalline spec1mens. Therefore, 
favorable grain boundary structure and ehminating the defects at grain boundary would 
be necessary for obtaining high Jc. Dimos ct a/. made clear 4 that transport Jc is roughly 
proportional to the inverse of misorienting angle between grains. This result imply that 
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achieving a degree of texture is important. for obtaining of very high critical current. Jin 
et al. hav~ reported :. that oriented polycrystalline bulk solid materials produced from 
the melt ha..., achieved high J, of 1.7x 104 A/cm2• On the other hand , wire:- and tapes of 
superconducting matNials are necessary for many applications, but. the:-e conhguratwns 
recognized to be diffteult because of the brittle nature of these matenal:.. Among vanous 
processing terhniqucs, the powder-in-tube technique is considered to b<> powerful for long 
and uniform wire fabrication. Textured structure can be obtained dunng the process of 
thermomechan1cal treatment and high Jc was achieved. Recently, high critical current 
den<>iti<>.., (77 .:\ 1\. 7ero magnetir field) exceeding 2x10 4 A/cm2 have been reported 3 •6·; 
for Ag shea.th(•d HPS('C'O tapes. But it is not easy to under!>tand th<> deforrnation mech-
anism of the wmposite consisting of ductile metallic sheath and bnttlc oxide powder. In 
this study, nucro:-trurture change and work instability by cold working and their influence 
on critical current density and its field dependence were investigated in detail , when the 
speCimen wa..., prepared by powder-in-tube technique. 
6.2 Experimental 
The powder with composition of Bi1 6 Pbo 4Sr1 6 Ca2Cu2 s for tubing to Ag pipe wa..o;; 
preparE'd by similar process mentioned in Chapter 5.2.1. In order to change the degree 
of cold working, Ag pipes with various size( 12 mm, 6 mm and 5 mm outer) were used 
here. Many kinds of cold working techniques have been tried to reduce the diameter of 
composit<' specimen and to deform to tape specimen by mainly cold pressing and rolling 
for some specimen. The various cold working techniques were employed as follow. 
• S: Swaging 
• D: Drawing 
• De : Casset roller die processing 
• Rc : Cros~ rolling 
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• Rg : Grooved rolling 
• R : Conventional rolling 
• P: Uniaxial cold pres~ing 
Heat treatment at 1113 1\ and cold working were repeated for producing :-uperronducting 
tapes. An example of the !-iChedule of the TMT is presented by SDP P-. which mean:-. 
that after swaging(S) and drawing(D) treatments, the pressing(!') and lwat lr<'atm<'nls( ) 
were repeated twice. Microstructure was investigated by the mean:; lll<'nlwned Chapter 
5.2 2. Crit1cal current was na•a:-urcd at magnetic field rauges fro111 0 to O.fi Tat Ti I 1\ 
and 0 to 15 Tat 4.2 1<, respective!}. 
6 .3 Results a nd discussion 
6 .3 .1 Macrostructure chan ge of ox ide layer by cold working 
It is not clear how the composite specimen filled with oxide powder is deformed during 
cold working. firl->t, the change of shape of oxide core during swaging ''as Investigated . 
Figure 6 1 ~how:- th<' relation between the ratio of cross sectional area of ox1de core to 
total area of composite and outer diameter of composite. The compo!>ite specimen filled 
with ox1de powder was swaged from 5 mrn</> to 0.8 mm</> in outer dianwter. The volunw 
fraction of oxide core decrea..,ed at the first step of swaging and kept con!>tant w1thin sorn<' 
error range with decreasing outer diameter of composite. The powder particle filleJ in 
Ag tube i~ thought to I><' pu lvcri7ed and the number of void involved in oxide con• I!> 
reduced by continuous vertical movement of vibrating dies and then, th<' densifl(ation 
occurs during swaging. Figure 6.2 shows the cross sectional views perpendicular to the 
longitudinal direction of the composite with different outer diameter after swagmg. The 
shape of oxide core becomes irregular with increasing reduction rate. The Ag sheath is 
deformed p)a..o;;tically, while the oxide core is deformed inhomogeou:,)y owwg to nonuniform 
flowage of powder particle by swaging. For estimating work instability during swaging, 
the variation of oxide layer thickness parallel to the longitudinal d~rection of tape wa., 
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measured for the tape specimen finally obtained aft er TMT and it was evaluated using 
the coefficient of variation( COY), which is the standard deviation divided by average layer 
thickness. The COY increased with decreasing the diameter as shown in figure 6.3. This 
implies that the work instability by swaging depend::. greatly on the reduction rate. 
6.3.2 Pressure dependence of critical current density 
The composite was reduced in size by swaging(S) and drawing(D) up to 0.9 mm outer 
diameter and then pressed into a tape shape. Pressll1g (P) and heat treatmcnt(IIT) 
were repeated by two times. The load of pressing wa.c; changed to control the oxide 
layer thickness. Figure 6.4 shows the pressure dependence of cntical current dens1ty Jc 
increased with increasing the pressure. As shown in figure 6.4, an increase of lc by three 
times could be obtained owmg to increase of pressure. It was found that lc is dependent 
on the load of pressing. As shown in figure 6.5, the oxide layer thickness decreased with 
increasing pressure. According to this, it was confirmed that there is a correlation between 
oxide layer thickness and load of pressing. Figure 6.6 shows the relation between the ratio 
of cross sectional area of oxide layer to the total area of the tape and pressure. The ratio 
decreased with increasing pressure. This indicates that the oxide layer becomes dense b) 
pressmg. According to this, the uniaxial cold pressing IS considered to be very effective for 
increasing Jc. This tendency in the pressure dependence of lc is consistent with results 8 
from Yamada et a/. Figure 6.7 show the microstructure of fracture surface perpendicular 
to the length directio11 of the tape for the specimen processed with different load of 
pressing, where (a) and (b) ar<> for tapes pressed with :J8G and 930 MPa, rcsp<>ctively. 
Large voids and randomly distributed grains were found for the specimen prepared with 
low pressure. The connectivity between the grains IS very bad for the specimen(a). A 
dense textured structure that the grains align parallel to tape surface( current flow) was 
observed for the specimen prepared with higher pressure. According to this, increa.:;ing 
th <> load of pressmng is effective to not only densification of oxide layer, but the texturing 
of grains. 
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Figure 6 3 The relation between the outer diameter of composite and the coefficient of 
variation (COY) of oxide layer thicknes)>. 
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Figure 6.4 Pressure dependence of Jc, for the tapes prepared by a TMT process of SDP-
P-. 
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Figure 6.5 Pressure dependence of the oxide layer thickness {to) for the sam<' specimens 
presented in figure 6.4. 
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Figure 6.6 Pressure dependence of the area ratio of oxide layer to the whole cross sectional 
area for the same specimens presented in figure 6.4. 




Figure 6. 7 Microstructures of fracture surface for the specimens prepared with different 
pressure. 
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6.3.3 I nfluence of cold wor kin g technique 
Figure 6.8 ~how~ the oxide layer thickness(to) dependence of critical current denl:>ity 
for the specimen~ prepared with various cold worlcing. Here, the diameter of compo:;ite 
was reduced by using some kmd of combinations from swagmg, drawing and casl:>et roller 
die procesl>ing and the tape was made by conventional rolhng, cross rolling or pressing 
as indicated in figure 6.8. Although the data are scattered with some extent, there i~ a 
tendency that J, increased with decreasing the oxide layer thickness l 0 , except for the 
data from the specimens processed by rolling. A TMT process of DcHc-R-, whe1e rolling 
wa!' u~Ni to defor111 the tape after second heat treatment turned out to be no effectivP 
to increa.-,e J,. However, the Jc was found to be improved by pressmg after second heat 
treatment. The nucrostructure of oxide layer paraJlel to the length direction of tape for 
the specimen prepared by DcRc-R- was investigated and its photographs were shown in 
figure 6.9 Work instability was found to be Jarge when the tape wa.-, deformed by rolling. 
Furthermore, large pore was observed in necked region of oxide layer . The transport 
current is thought to be interrupted at this region. 
6 .3.4 Influe nce of the degree of cold working 
Figure 6.10 shows a summary of the critical current denl:>ity for vartOUl:> tapes prepared 
by different degree of cold working in RgP-P- process. The experimental data of both Jc 
and thickness are very scattered even for the tapes prepared by same condi tiou. There is, 
however, a tend<.'nc·y in the oxide layer thickness dependence. Obviously the J, increases 
with decrea.-,ing oxid(' layer thickness. The highest Jc at zero magnetic field is recorded 
to be 22400 A/cm2. For the tapes prepared by the same condition, the average values 
of Jc and layer thickness were calculated as shown in figure 6.1 1, where the straight line 
attached with each average value indicates the maximum and minimum. This figure 
gives a clear information about the layer thickness dependence of Jc. It mcrea..,es with 
decreastng layer thickness and reache~ a maximum and then degrades rapid!) for the 
further decrea.<:.e of oxide layer thickness. Ill:- critical thickness ts evaJuated to be about 20 
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Figure G.8 OXIde layer thickness dependence of Jc for the various specmtens prepared 
with different cold worlcing 
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Figure 6.10 Change of c ritical current density at 77.3 l\ as a function of oxide layer 
thickness for the tapes prepared from different starting-lubes, where the data are cla..c;sified 
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Figure 6.11 Averaged J ""averaged oxide layer thicknes" for the tapes prepared by the 
same condition. 
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and 30 lim for the 5¢ and 12¢ tapes, re::.pectively. Figure 6.12 shows the change of Jc ~ 
a function of degree of reduction of cross sectional area, where S0 (i) and So( f) are the total 
cross sectional area of the composites before and after a serie" of the thermomechanical 
treatment, respectively. When the degree of reduction increa.-;es, the Jc mcrease" and 
reaches maximum and then degrades. It was found that the Jc increa."ies with increa.,ing 
degree of reduction as shown in low reduction area. In this region, however. the absolute 
value of Jc is quite different for both tapes prepared from the different tubes. This rf',ult 
suggests that the degree of reduction has no direct correlation to the change of critical 
current density. In order to clarify the degradation of Jc due to the heavy reduct1011 , 
the dHiation of layer thickness ha.c; been examined. Figure 6.13 shows the views of th(• 
composite parallel to the current flow for the specimens with different reduct10n ratio. The 
oxide layer thickness fluctuates in place to place Figure 6.14 shows the mode layer thickne!'>. 
dependence of COV. The COV becomes large when the oxide layer thJckness is less then 
30 J-lm for 12 ¢tapes and 20 J-tm for 5 ¢tapes, respectively. This result is consistent w1th 
the layer thickness dependence of Jc as shown in figure 6.10. T herefore it is suggested that 
the degradation of Jc is attributed to the work instability Figure 6. 15 shows the shettth 
thickness dependence of COV. The th1ckness dependence is identical for two types of tape . 
When the sheath thickness 1s smaller than about 0.1 mm, the COV became large and the 
work mstability appeared. Therefore, 1t is suggested that the work instability depend" 
primarily on sheath thickness. As shown in figure 6.13, the thickn<'ss fluctuates along the 
current direction. To calculate the critical current density, the small est thickness should 
he adopted. In the statistical viewpoint, the probability finding the rvent by 99.7 <,~'< i!-> 
given 3 c, where c is the standard dev1ation and the coeffi cient of variation is equal to 
c /i 0 • Therefore it is assumed that the smallest thickness is put as l 0 - 3c statistically. 
The average values shown in figure 6.11 were corrected using this minimum cross sectional 
area. The result is shown in figure 6.16. Here, the corrected value~ are indicated by solid 
symbols tend to increase monotonously with decreasing thickness. It srems that the effect 
of work instability is eli minated. From tlw above-mentioned arguments, it is made clear 
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Figure 6.12 Change of critical current density as a function of the area ratio of the final 
tape to the starling tube for the tapes prepared from the lubes with different Dout . 
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Figure 6.13 Photographs of the cross section parallel to the current flow direction for 


























Figure 6. 14 The oxide layer thickness dependence of COV for the tapes prepared from 
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Figure 6. 15 Change of COV as a function of sheath thickness for the tape:, prepared from 
the tubes with different Dour· 
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that a very high J, ,·alue exceeding the 10:. A/cm2 is obtainable when the pre~ent powder-
in- tube technique. I• igure 6.17 shows the temperature dependence of critical current 
density at zero magnetic field. At both temperatures, J, mcre~ed with decreasing the 
layer thicknes~ l c at 4.2 K was found to be higher by 5"' 6 time!> than that for 77.3 K. 
6.3.5 Magnetic fi e ld dependence of critical current density 
The magnetic field dependence of critical current density at 4.2 1\ and 77.3 I< , re-
specti vcly wac; in vcstigated for the tapes prepared with various cold working conditions. 
Figure 6.18 show!' the magnetic field dependence of normalized critical current density 
Jc(B)/ J , (O T) at 4 2 I< for the specimens with variou::. oxide layer thickne~~cs. Here, 
external magnetic field was applied parallel and perpendicular to the tape surface and 
the cu rrent The critical current was measured at static magnetic field with Increasing 
magnetic field from 0 to 15 T. For all the specimen::., J, dropped drastically at low field 
and kept almost constant up to 15 T. It was confirmed that the degradation ratio of J, 
with respect to increase of magnetic field depends on the oXJde layer th1ckness of the 
specimen . It wa" found that a drop of J, to magnetic field becomes large for the thick 
tape specimen. Figure 6.19 shows the magnetic field depenJcncr of Jc for the specimen 
different oxide layer thicknes::., t0 • Magnetic field wa.::. applied parallel and perpendicular 
to the tape surface and the current from zero up to 15 T and down to 0 T. The Jc over 
20,000 A/cm2 could be obtained at high field region of 15 T for the specimen with thin-
nrr l 0 , where J ,(77.3 K, 0 T) was 23000 A/cm2 . The J, of the specimen with thinner l 0 
excerdeci tltr valur of 10:. A/cm2 at zero magnetic field. Thr hyst eresis rffect of J, B due 
to increasing and decreasing the external magnetic field wa..c; observed for both specimens. 
It wac; found to be slightly reduced for the specimen with thinner 10 . This hy~teresis effect 
was known to be related with existence of weak link such ac; grain boundary in the super-
conductor. When the external magnetic field is applied to superconductor, the self field 
with opposite direction i!> induced due to the shielding current against penetration of flux 




































Figure 6.16 Correct ion of critical current density by using the statistically smallest ox1de 
layer thickness for the tapes prepared by the same condition. 
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Figurt' 6.17 Oxidt' layer thickness dependence of lc at different temperatures of 77.3 K 
and 4.2 1\ 
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Figu re 6.19 Magnetic field dependence of critical current density at 4.2 K for the tapes 
with different oxide layer thickness, where magnetic field was applied up to 15 T and 
down to 0 T. 





Figure 6.20 Schematic explanation for a generation of self- field due to shielding current. 
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becauc,e the magn<'tic field :.uperposes to the self-field with !'.ame direction at grain bound-
ary when the external magnetic field is applied increas1ngly. while Jc increase ... becau::.e the 
direction of self field at grain boundary becomes opposite again::.t the d1rection of external 
magnetic fi<'ld owmg to magnetic flux line trapped at defects in crystal when the external 
magnetic field 1s applied decreasingly. It wa.-. reported 9 by Sato cl a/ that the hysteresis 
eff<'ct is reduced by improvement of grain boundary structure Figure G.21 shows the 
dependcnc<' of n•agnt'tic field direction on Jc at 4.2 1\ In th<> wholr range of magnetic 
field, Jc- apprarccl to be high when the magnetic field was applied parallel to I ape surface 
and perpendicular to the current. Figure 6.22 shows th<' rnicrostruclur<>s of polishNI(a) 
and fracturc surface(b) parallel to current flow. The plate hkr '2'22:1 superconducting 
pha.-.e, the thickness of which is 1 "' 3 J.tm and impurit) phases such <l!- (Sr, Ca)3Cu~O. 
and (Sr, Ca)2Cu03 were observed in photograph (a). As shown 111 photograph (b), 1l was 
found that tlw plate like grains are composed of laminated thin grains well coupled with 
each other. Becaust' of layered structure and weak bonding between the two Bi 0 layers 
in Bi based material, twist boundary is easily formed b, overlapping and sliding layers 
along one another 10·11 According to this, planar boundaries observed in photograph 
(b) can b<• a.-;s1gned a:. twi::.t boundaries. Due to the theory sugge ... ted 12 by ~ato cl al. 
flux line!-. can be possibly pinned by layered crystal structure, and I IH'n flux pinning IS 
considered to h<' larg<> when the magnetic flux lines penetrate paralld to twist boundaries 
and perpendicular to the current because the Lorentz force acts perpendicular to twist 
boundaries. W h <'u magnetic field is applied both perpendicular to t iH' tape surfac<' and 
the curr('llt, J, is thought to be reduced becausr Jc is mainly del<•nni1H'd by lh<' piuuing 
propNty of hulk material. According to this, texturing is considNNI to be effective for 
improving flux pinning. Figure 6.23 shows the magnetic field depend<'nce of normalized 
critical currt>nt dt>nsity, Jc(B)/Jc(O T) at 77.3 1\ for the specimens with different Jc vaJue 
at zero magn<'tlc field. The cold working condition and oxide layer tlucknt>ss for the 
spt>cimens ind1cated in figure 6.23 are summarized in tahle.l. The magnt>tic field was 
























Figure 6.21 Magnt>tic field dependence of criticaJ current density at 4 2 K , where the 
direction of magnetic field was change to tape surface(t.s.). 
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Figure 6.23 Magnetic field dependence of normalized critical current density at 77.3 K, 
Jc(B) / Jc(O T) for the tapes with different Jc at zero magnetic field 
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For all the specimen, J, dropped largely at the region of low magnetic field below 0.1 T 
and its tendency depends on the value of lc at zero magnetic field. It was found that the 
magnetic field dependence of J, can be improved for the specimen w1th higher J, at zero 
magnetic field. 
Table 6.1 Preparation conditions, t 0 and Jc for various specimens 
TMT Heat Treatment 
Rg{0.6)P -P- 12 1113 K, 360 ks- 1113 K, 180 ks 22200 
S{l.O)P-P- 52 1113 K, 360 ks- 1113 K, 180 ks 6620 
S{1.2)P-P - 106 1113 K, 360 ks- 1113 K, 180 ks 3000 
Figure 6.24 shows the magnetic field dependence of global pinning force (F,) for above 
two specimens. For all the specimens, global pinning force increased monotonously with 
increasmg the magnetic field. The F, for the specimen prepared by RgP-P- increases at a 
much faster rate than that for other specimens. It can be found that global pinning force 
is remarkably improved for the specimen with higher J, at zero magnetic field, which was 
prepared by RgP-P-. The global pinning force was found to be t>aturated at 0.5 T for 
the specimen with the lowest Jc· For Bi- based materials, planar defects such as twist 
boundaries and stacking faults can occur by cold working and then, severe cold working 
is expected for improving pinning force. This seems to be reasonable because the sever 
cold worked specimen with thinner oxide layer thickness exhibited large pinning force as 
shown in figure G.24. Figure 6.25 shows the magnetic fi eld dependcnc<> of l c for various 
speci mens, where the reference data 13 by Dou et a/. were also indicated. It was known 
that the sintered buJk exhibits double step behavior 14 of J, vs magnetic field. In the low 
field region below 0.01 T, J, for bulk rapidly drops. This is known to be due to that the 
lc is limited by Josephson weak links, rather than flux pinning. At very low fields, the 
supercurrenb flows through the whole volume of the sample and J, is determined by the 
max~mum Josephson current of the grain boundary weak link!-, while at the higher field 
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Figure 6.24 Magnetic field dependence of global pinning force for the same specimens 
presented in figure 6.23. 
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Figure 6.25 Magnetic field dependence of critical current density at 77.3 K for the present 
tape, where reference data are also indicated in figure. 
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paths and Jc is determined by flux pinning. Tlie Jc for both tape specimen decreased 
at. much slower ratE' than the that for bulk one. This is attributed to that grain bound-
ary weak linb are considerably improved for both tape specimen:-. procE'~!->ed by TMT, 
compared to that for bulk one. The present tape proces::.ed by RgP-P exh1bited better 
magnetic field dependence of Jc than that for the Dou 's tape proces:-.ed by cold rolling 
and heat treatment. Figure 6.26 shows the magnetic field dependence of cnt1cal current 
density for the specimens prepared with different cold working. Jt was found that the 
hysteresis effect of Jc B can be improved by optimizing the cold working condition 
This is attributed to that the weak links are improved due to refinement of microstruc-
ture such a.., den!->ification and texturing. Comparing with result at 4.1 I< from figure 
6.19, the hysteresi" effect is found to be relatively reduced at 77.3 I\ Figure 6.27 shows 
the microstructure of polished surface which are parallel to the directiOn of current flow 
for the specimens with various oxide layer thickness. As shown in photograph A, the 
thick tape specimen processed with relatively low cold worlung degree ha.s a very porous 
structure and the connectivity between the grains was observed to be bad. The tran,port 
current for the specimen shown in photograph A is considered to be !united at void and 
large impurity phase. It can be observed that the oxide layer becomes dens<' and grain 
alignment parallel to the tape surface(current flow) is improved for the specimens with 
thinner layer thickness and then, the good aligned specimen showed higher· Jc· In average, 
the a-b plane which is more superconductive than other plane in crystal structure was 
found to parallel to tape surface by analysis of pole figure as mentioned Chapter 5. It was 
confirmed that th<> highe1 critical current density is obtained from refinenl<>nt of structure 
such as high deusity and textured structure. Figure 6.28 showl> the relation betweeu the 
Jc(O T) and Jc(0.5 T) for various specimens processed by combination of grooved roiHng 
and other techniques. Almost positive linear relationship was observed between Jc (0 T) 
and Jc (0.5 T) for all the specimens. The Jc value of 19600 A/cm2 at 0 T corresponded 
to the Jc value of 4100 A/cm2. It was found that magnetic field depend<>nce of J, I'> not 
associated with cold work1ng method 
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Figure 6.26 Magnet1c field dependence of c ritical current density at 77.3 K for the tapes 
with different cold working. where magnetic field was applied up to 0.5 T and down to 0 
T 
Chapter 6 159 
B 
t 0 = 7 3 ~m Current flo~ _ t0 =41~m 
c 
Jc= 2570 A/cm2 Jc = 5200 A/cm2 
t0 :35~m ,10l-!m, to = 17JJm 
Jc = 7000 A/ cnt Jc = 12530 A/crrf 
Figure 6.27 Microstructures of polished surface parallel to direction of current fl ow for 
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Figure 6.28 The relation between the Jc (0 T) and Jc(O.S T) at 77.3 K for the specimens 
prepared with different cold working combination and outer diameter of starting tube. 
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6 .3.6 1- V characteristic 
When a transport current,/ is applied to the oxide superconductor at a given magnetic 
field, I-V characteristic appears as shown in figure 6.29. In the early stage of transition, 
the curve can be expre!-sed by the power law( \' <X In). The index, 11 1s a rnea.-;ure of 
the sharpness of the res1sllve transition; when the transition j,.. ::.harp, 11 valu(• becomes 
large. Figure 6.30 shows the relation of log/ vs logV derived from the figure 6 29 Almost 
linear relationship wa." found at all range of magnetic field, except for the curvature of 
log 1-log V appeared at high magnetic field. The n values were estimated at the rauge 
between 0.3 and 5 1t\' by the lea."t square method and magnetic field dcpcndcnn• of 11 
value for the specirnen prepared with different reduction ratio was shown Ill figure 6 31, 
where the Jc at ?ero magnetic field was indicated in figure. The field dependenc<' of n 
value depends on Jc value and the reduction ratio and it is snnilar to field d<'pcndenc<' 
of Jc as shown m figure 6.23. The specimen with lower J c exhibited relatively small n 
value especially at lo" magnetic fields. The n values of BPSCCO tape specimen turned 
out to be small, compared to that of metallic superconductor such (i!o. NbT1 compositt• 
1~. This implies that the resistive transition of oxide superconductor 1s not ::.harp One 
origin of this behavior can be thought to be associated with flux cr<'ep. Flux creep occur:-
by hopping of flux lines thermally excited even in the state that the pinning force 1s 
larger than Lorent7 force. This phenomena 16 is known to be a characteristic in the oxide 
superconductor which ha.c; short coherence length and small pinning force. In addition 
to this, weak link and work instability of the sample is suggested 17•1:. to be a.<;sociated 
with the low n value in resistive transition. Figure 6.32 shows the relation between the 11 
value and cold working degree expressed as outer diameter of composite for various tapes 
prepared with 12 ¢ RgP-P-. It was found that the positive correlation exist between the 
outer diameter of composite before pressing and n value. This unplies that the n value 
tend to decrease with increasing the cold working reduction ratio. Figur<' 6 33 show~ the 
relat ion between the work instability expressed as COV and n value. A It hough the data 












. . . 
I-.. 
.. 




'· \ (Y) Ln [' I-
00 0 
-66 c) 0 





. . . ' 
. . 
. . 
. . . . .... . :::··· .. ,\ 
. . 









. . . ··· .. '\ 
. . .. · ..... \ 
. . . ··. · .. · 
. . . .. .. '· ' 
. . . .. ··. \ ~ 
.. '\ . . . 
. .. ··'· 
. 
.. 
. . . . . '· ~ 
. . : 
. . ·. : . . . 
. . .. . 
. . . . . . . ., 
. . . . . . ··. '· 
. . . .. . '\ 


















1 . . 0 0 l.)l.)jl'./ 
163 
1 W·i ..................................... /;:Z~/:f/!1 ... ! I 
:::: :.::::: : 
. . : . . . . . . . . 
. . . 
...... 
...... 
. . . . . . 
. .... 
• • • 0 • 
. . : : . 
..... 
. ---.------ ... -.-------------- -.:·- -.; ::-.~·-- /-;:-.;: ...:_----- ~--
.. 
..... ·-······.. . .
• • • , I 
I• '• • •• : •• r'• Is • •' ~· 
•!::: • :· •••• :. • .r:::.·:.; -.. ... • f• I • I I I I I 0. 111 ....... ~f-_________ _:_:___:--:--_ _.:.._~.::-. -~.~. -;----~;:---:~-:=;-: 
,.... '-- 4 :. l:o i ::o o:l1 (1 
, . 
I I A 
Figure 6.30 log V vs log I for the specimen presented in figure 6.29. 
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Figu re 6.31 Magnetic field dependence of n value for the specimens with different reduc-
tion ratio. 
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Figure 6.32 ChangE' of n value as a function of Dout for the specimens prepared with a 
TMT combination of 12RgP-P-. 
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Figure 6.33 Change of n va.lue as a function of COV for t0 for t he specimens prepared 
with a TMT combination of 12RgP-P-. 
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Figure 6.31 The n va.lue(O T) vs critical current density at zero magnetic field for the 
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Figure 6.35 The n value(O.S T) vs critical current density at zero magnetic field for the 
spec1mens Y.llh d1fferent cold worlci ng combination and Dout· 
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sharpness Of resiStive tranSition becomeS SmaiJ for the Specimen With instable OXide 
layer. It can be confirmed that the n value depends on the work instability of ox1de 
layer like the case of i\bTi composite superconducting wire 1:.. Figure 6.34 show the 
relation between the n value(O T) and critical current densit) at zero magnetic field . 
Though the data are scattered, it wa..c; observed that n value increases with incre~tng the 
J,, irrespective of cold worlcing condition. Figure 6.35 show the relation between the n 
value(0.5 T) and critical current density. Positive correlation was also confirmed betwe<'ll 
then valuc(0.5 T) and J,. n value(O.S T) distributed at range of 0.1 "' 0.76, deviation 
degree of data wa.-; found to be small for the case of n value at 0.5 T. 
6.4 C on clusion 
The macroscopic and microscopic change by cold worlcing and its inn uenc<' to critical 
current dens1ty wa.<> investigated when the Ag sheathed BPSCCO tapes wa.-; prepared by 
powder-in-tube technique. The main conclusions could be summamed a.c; follow. 
1. J, increase~ with decreasing oxide layer thickness and reache~ maximum, but d<'· 
grades rapidly by further reduction of oxide layer thickness The incn•a!-.e of Jc i~ 
suggested to be mainly attributed to the densification and textunng. 
2. The degradation of J, was found to be related to the work instability. 
3. A correction of J, was done in the statistical view point by assuminp, the smdlle~t 
thickness of oxide layer as the lowest limit of thickness distribution. 
4. Among various cold working techniques, the pressing turned out to be effective for 
increasing the critical current density. A dense and textured structure could be 
obtained for the specimen prepared with higher pressure. 
5. Magnet ic field dependence of J, and hysteresis effect of J, B could be improved 
by opt imizing t he cold worlcing condition. 
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6. The correlatjon between the sharpness of resistive transition expressed as n value 
and work instability or l e was confirmed. 
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Composition dependence of critical 
current density in Ag sheathed 
Bi-Pb-Sr-Ca-Cu-0 tapes 
7.1 Intro duction 
In Bi-Pb-Sr-Ca-Cu-0 system, it has been known 1 that 2223 phase can be formed by 
long time heat treatment at restricted temperature range and some impurity phases such 
as Ca2Pb04 , CuO and Sr-Ca-Cu compound easily appear at heat treatment temperatures. 
Considering the percolative behavior of transport current property, volume fraction of su-
perconducting phase and morphology of impurity phase becomes important factors 2 and 
this is related to preparation conditions especially such as the nominal composition. Since 
the discovery 3 that 2223 phase is stably formed by partial substitution of Pb for Bi, a 
lot of studies have been carried out to investigate optimum composition for obtaining real 
high 1~ 2223 phase in BPSCCO system. Added Pb atom has been reported to be substi-
tuted with Bi and Sr atom in crystal structure 2. Oota et a/. suggested:. that the amount 
of Pb suitable for the formation of 2223 phase is limited by the competition between the 
reaction to form the 2223 phase by the catalytic effect of Pb and the one to form the 
C~Pb04 . Endo et a/. reported 6 that the almost single 2223 phase which was confirmed 
by X-ray powder diffraction can be obtained by the strict selection of nominal composition 
and the deviation from ideal composition delicately affects the superconducting proper-
ties. Comparing with the study for BPSSCO bulk prepared by couventional solid state 
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reaction method, however, it has not been studied enough forth<' case of Ag sheathed 
BPSCCO tapes. In this study, the microstructure change in BPSCCO tapes prepared by 
changmg mole ratio of Bi, Pb, Sr, Ca and Cu and their effect on the superconducting 
properties were mvestigated. 
7.2 Expe rimental 
High purity Bi2 0 3 , PbO, SrC03 , CaC03 and CuO powders were mixed with various 
nominal composition. For Bi and Ca, their starling composition were changed inde-
pend<'ntly with r<'spect to other element, while for Ph, it wa~ chan!!,rcl :-uh:-titutional)y 
with Bi. The composition of Sr, Ca and Cu was changed with relative ratio. Figure 
7 1 shows the composition map for preparing specimens, where mole ratio of Sr, Ca and 
Cu el<'ments were changed as indicating composition parameter x in the chemical for-
molar of Bi 16Pbo 4 Sr 16-o~xC~+004xCu2 S+o06xOy· As shown in figure 7.1, parameter, x 
was changed in two directions from x = 0, where Sr increases with decreasing Ca and 
Cu, and Sr decreases with increasing Ca and Cu. After mix.ing the powders sufficiently, 
t hey were calcined at 1023 K for 43. 2 ks. By this heal treatment, the oxide powders 
consisting of 2212 phase and some other impurity phases were prepared. Calcination and 
pulverization were repeated two times. This powders were filled into Ag pipe and reduced 
the diameter by swaging or swaging-drawing and the composite specimen was deformed 
to tape by uniaxial cold press. T his tapes were heat treated firstly at 1 l 08 K "' Jll3 K 
for 360 ks and repressed and heat t reated at same temperature with first heat treatment 
for 180 ks. Critical t ransport current and transition temperatur<' were measured by 4 
terminal method at 77.3 K. Microstructure was observed by scanning electron microscope 
and identification of phases ex.isted in oxide layer was performed by powder XRD (Cu 
ka-) analysis and EPMA. 
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Figure 7.1 Composition map for preparing Bi1 6 (Bi 1 8)Pb0 4Sr1 6 _ 0 1xCa2+o 0._Cu2 S+O ooxOy 
specimen by changing composition parameter, x of starting element. 
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7.3 R esults and discussion 
Figure 7.2 shows the Bi composition dependence of critical current density for the 
specimens heat treated at 1113 K. Jc increased and reached maximum at x = 1.6 and 
decreased with increasing Bi mole ratio. It was found that critical current density re-
markably decreased for the specimens prepared with the higher Bi mole ratio. 
Figure 7.3 shows the relation between the substitution ratio of Pb and critical cur-
rent density for the specimen[(Bi 1_.Pb.)2Sr16Ca2Cu2 8 0y] heat treated at 1108 I<. Here, 
reference data, bulk.l((Bi1_.Pb.)2Sr2Ca2Cu30y) and bilk.2((Bi1-xPb.)2Sr2Ca2Cu3s) by 
Hiraoka 7 were also plotted in the figure. In the whole range of x, the present Ag sheathed 
tape exhibited higher Jc than that of bulk. This is mainly thought to be due to the dif-
ference of fabrication processes between the conventional solid state reaction and the 
powder-in-tube technique. The mean values of Jc for the present tape increased and 
became highest at x = 0.2 and then dropped with increasing substitution ratio of Pb. 
Comparing with the reference data from bulk, the appropriate substitution ratio of Pb 
exhibiting highest Jc was found to shift to low substitution ratio of Pb. This is considered 
to be resulted from the difference from compositions of Sr, Ca and Cu. Under the present 
fixed Sr, Ca and Cu composition, it was found that the 20 % substitution of Pb for Bi 
was most effective for increasing the critical current density. In the result 4 of M urayama 
et a/. for bulk which has the same composition system with present one, a large amount 
of Ca2Pb04 was confirmed to exist. According to this, low Jc for the specimen with high 
substitution ratio of Pb is thought to be associated with larger formation of Ca2Pb04. 
Figure 7.4 shows Ca composition dependence of critical current density for the specimen 
prepared with SDPHT1PHT2, where t he temperatures of HTl and HT2 were 1108 and 
1113 K, respectively. Jc increased and reached maximum at x = 2.0 and decreased with 
increasing Ca mole ratio. As shown in microstructures from figure 7.5, CuO with size of 
about 10 J.Lm was observed with large amount for the specimen with Ca poor composition, 
while a lot of (Sr , Ca)JCu~O. compound phase was observed to be distributed for the 
specimen with Ca rich composition. The volume fraction of (Sr, Ca)3Cu!>Ox was 
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Figure 7.2 The critical current density as a function of Bi mole ratio x in Bi Pb Sr C:.~Cu > X 0. 4 1.6 -~ 2 8 
specimen. 





Figur<' 7.5 Scanning electron micrographs of polished surface forth<> various Bit GPbo .Srt GCa. 
CuHOy ~pecimen, where (a) x = 1.6, {b) x = 2, (c) x = 2.4 and (d) x = 2.8. 
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confirmed to increa.o.;e with increasing Ca mole ratio. Therefore lo'' J at Ca rich region 
is thought to be attributed to this. Due to existence of insulating pha.-.e :-uch a.-. CuO and 
{Sr , CahCu!>Ox, critical current density is considered to decrease hecaus<' tht• total area 
whtch transport current can flow in the specimen is reduced . 
Ftgure 7.6 shows th<> relation between the superconducting properti<>s{J,, 1~,ofl) and 
composition parameter, x which represents a sub composition of Sr, Ca and Cu in 
the chemical formula of Bi1 GPbo 4Sr1 s-o ~xC~+O.ohCu2S+oos.Oy forth<' ~pcc1men!> lwat 
treated al 1108 K. The specimen with x = 0 exhibited high Jc and 1~,()Jf· It was found 
that the degradation of supcrconducting properties is remarkable at co111position r<'gion 
where both Ca and Cu are rich, compared to the composition region when• Sr is nch 
Figure 7. 7 !>hows the X ray diffraction patterns for the various specimen~ prepared w1th 
different composition parameter x. The X-ray intensity of 2212 phase lncr<>a.o;<>d w1th 
decreasing the x valuE'. Thi!> means that the volume fraction of 2212 ph<t~c tncrca.-.<•d 
with increasing amount of Sr Thts ts consistent with the result 6 of Endo ei a/ 'I hert•-
fore, the degradation of J, shown tn figure 7.6 is thought to be mainly resulted from 
the decrease of volum<' fraction of 2223 phase. On the other hand, 220 I phaM~ wa." ch·-
tected with a small amount for the specimens x = 1 and 2, rcsp<>ctively. This phaM· 
was thought to be crystallized from the liquid formed by decomposition of 2223 pha-,r 
accompanying with partial meltmg 11 • When the decomposit1on occurrE'd at grain bound-
ary of 2223 pha.'le, it is suggested that both Jc and Tc decrease by pr<•c1pitation of 2201 
pha.c;;e at grain boundary. Figure 7.8 shows microstructures for th<> specinwns preparE'd 
with different compositiou paran1cter x. (Sr, Ca)JCu!>Ox impurity pha'-<' wa-. ob~ervt•d iu 
the specimen with Sr nch composition, while C~Pb04 and (Sr, Ca)2C'uOJ were observed 
for the specimen with ('a and Cu rich composition. By the analysis of EPMA, 6% Sr 
was found to be sub~tituled with Ca element in the (Sr, CahCuOJ compound Ftgure 
7.9 show~ the compos1tJon parameter x dependence of cnt1cal current dens1t) for the 
specimen (Bi 1 sPb0.4Sr1s-o ~xCa2+oo4xCu2S+oo6y} heat treated al 1 I 13 K Jc maintau1ed 
similar value of Jc till x = 2 and decreased remarkably at x is 3 and •1 w1th decreasing 
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Figure 7.6 Th~ critical current density and temperature, Tc,olf as a function of composi-
tion parameter, x for the Bi16Pb04Srl6-olxCa2+o04xCu2S+OOG•O> specimen. 
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Figure 7.7 X-ray powder diffraction patterns for the various Bi16Pb04Sr16_0hCa2+00h · 
Cu2S+ooo.Oy specimen, where {a) x = - 2, (b) x = -1, (c) x = 1 and (d) x = 2. 
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Figure 7.8 Scanning electron micrographs of polished surface for the Bi1 6Pbo 4Sr1 6-0.JxCilll+O o•• 
Cu2 8+006,0y specimen, where A : x = -2, B: x = -1, C: x = 1 and D: x = 2. 
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Figure 7.9 The critical current density as a function of composition parameter, x for the 







































Figure 7.10 X-ray powder diffraction patterns for the various BiJ.SPbo.4 SrJ.6-o.lxC~+0.04x 
Cu28+0.06x0y specimens, where (a) x = 0, (b) x = -1, (c) x = - 2 and {d) x = -4. 
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Figure 7.11 Scanning electron micrographs of polished surface for the Bi1.6Pb0 4 Sr1.6-o 1xC~+o 04 
Cu2.S+0.06x0y specimen(A) and the BiJ.sPbo.4Sr 1 .6-o.~xC~+o.o4xCu2.8+0.06xOy(B,C,D), where 
A : x = 0, B : x = 0, C : x = - l and D : x = - 2. 
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composition parameter x. Figure 7.10 shows the X-ray diffraction patterns for the 
specimens{Bi 1 8 Pb0.4SrJ.6-o 1xC~+o.o4.Cu2 B+OOsxOy) with different composition parame-
ter x. The X-ray intensity of 2212 phase increased continuously with decreasing x value. 
The fact that the increasing volume fraction of 2212 phase with increasing mole ratio 
of Sr is consistent with the resuJt {rom figure 7.7. The peak of (Sr, Ca)JCu:;Ox which is 
overlapped with the peak of 2223 phase was found to increases relatively for the speci-
men with x = -4. Figure 7.11 shows the microstructure for the specimens with different 
composition parameter x. It was observed that {Sr, Ca)2Cu0x phase, which has sharp 
interface with matrix distributed with large amount for the Bi 1 8 .... {x = 0). It was 
found that the amount of (Sr, Ca)3Cu:;Ox increased and CuO decreased with increasing 
the amount of Sr as shown in photographs C and D. Especially, coarse (Sr, Ca)3Cu:;O. 
and superconducting phases were observed in photograph, D. 
7.4 Conclusion 
Microstructure cihange due to the difference of nominal composition in Bi-Pb-Sr-Ca-Cu-
0 system and its influence to superconducting properties were investigated when the 
Ag sheathed BPSCCO tapes were prepared by powder-in-tube technique. The main 
conclusions are the following; 
1. Critical current density of BPSCCO tape was confirmed to depend on the variation 
of nominal composition. This was considered to be due to volume fraction of 2223 
superconducting phase and existence of impurity phase. 
2. Ag sheathed BPSCCO tapes prepared with composition of Bit 6Pbo 4Sr1.5Ca2 oCu2 s 
exhibited the highest Jc. When the composition of starting elements was changed 
from the above one, amount of impurity phases such as CuO, Ca2Pb04, {Sr, Ca)3Cu.s0x 
and (Sr, Ca)2CuO. was found to increase. 
3. 2201 phase could be detected for the specimen(Bi 1 5Pbo 4Sr1 s-o 1xCa2+o o4xCu2 8+0.o60y) 
with high ratio of Ca and Cu. 
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Chapte r 8 
Influence of additive eleme nts on 
t he superconducting properties of 
Ag sheathed Bi-Pb-Sr-Ca-Cu-0 
tapes 
8.1 Introduction 
For developing the oxide superconducting wire which can be used as magnet coil, the 
improYcmen t of critical current density in magnetic field is requested with high level. The 
critical transport current density in magnetic field has been known to depend on the weak 
links and flux pinning. From this view point, not only the refinement of microstructure 
but the introduction of effective pinning center against flux flow has be~!) recognized to 
be import ant. For the ceramic superconductor which has layered structure, the intrinsic 
pinnings 1 by weakly superconductive layers in crystal structure was reported by Tachiki 
et a!. On the other hand, the extrinsic pinnings by structural imperfections such as pre-
cipitates and irradiation- induced defects have been reported. Murakami et a/. made 
clear 2 that the Y 2 BaCuO~ precipitates formed by peritectic reaction from YB~Cu30. 
can act as effective extrinsic pinning centers. The critical transport current density is 
remarkably improved by the fine dispersion of 21 1 phase in the 123 matrix. Also, the 
study for introducing pinning center by addition of other element& has been also carried 
out. Osamura et a/. reverted 3 that the intragrain critical current density of YBCO is 
191 
192 Chapter 8 
r<>rnarkably improved by addition of Sn02 • Improvement of intragrain Jc wa::; confirmed 
to be due to dispersion of BaSn03 precipitates. For Bi-(Pb) -Sr-Ca-Cu-0 sy-.tem. recently, 
some studies 4 .!>·6 •7 have been carried out for improving superconductJn{!, properly of bulk 
sp<'cimen by addition of other element such as Ag. Sb, Ba and Mg. In thi:- study, Sn02. 
BaC0.1 and \1g0 were added to Bi-Pb-Sr-Ca-Cu-0 system when the Ag sheathed BP-
SCCO tap<>s wer<' prepared by "powder-in-tube technique" Microstructure changes by 
additton of other dements and their influence on critical current d<>nsitv in magnetic field 
were investigated. 
8.2 Experimental 
8.2.1 Specimen preparation 
Sn02 , BaC'03 and MgO were added with different mole ratio mto mixture of Bi1 6 Pbo 4 
Sr 1 6C'a2Cu2 &Ox a.s follow 
• Sn02 addition 
• BaC03 addttion 
• MgO addition 
After repeati ng calcination(1073 K, 43 .2 ks) and pulvenzation twice, the powder was 
filled in Ag tube with dimension of 5 mm outer diameter and l mm thickness. The 
composite specimen was reduced by the swaging and drawmg. Then, the t llln wire was 
deformed to tape shaped specimen with unia.xial prE:'ssure of 600 "' 900 M Pa . The 
sp<•cimen wa.-. heat treatE:'d at 1113 K in air and the cycle of umaxtal cold pressing and 
heat treatment wa~ repeated one or two times. 
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8.2.2 Meas urements 
Outline of A.C inductive mea.-..urement \\a~ ::.hown in figure 8.1, wherE:' caned coil is for 
detecting the signal from only ::.pecimen by canceling a noi:-;e :-;urroundin!!, the :-;pecimen 
The A.C inductive mca .. urement ha::. been de\·eloped !'. as a nondestructive method., to 
characterize :-;interN] oxide :-;pecimcn:-; and inter- and intragrain current densities in oxide 
superconductor:- lltHkr giv<>n magnetic field~ are obtained by analy::.i~ Both the de and 
superpo:-;C'd ac lllilgnetic fi<'lds were applied parallel to the long axts of tlw spectlll<'JI at 
liquid nitrogen l<'lllperaturc. 'I he magnetic flux <I> going in and out of tlw specimen wa.-.. 
mca.-.mcd a. ... a function of the ac fidd amplttude b, and the penetralton dt>ptlt .\' of th<' 
ac filed wa~ derived 9 : 
).' = _1 8<1> 
2u ob (8. 1) 
where U ' is the width of the specimen. Plottmg ).'against b, a linear relation is obtained 
in ordinary bulk superconductors; the slope of the linear lme gtve::. ljpJc(JA denoting the 
permeability of the vacuum) and).' saturate:: to a constant representtng the center of thf' 
specimen for large b value. For derivmg intragrain Jc, it wa." assumed that the J c i:-; the 
same in all grains and thf' shape of grain is plate. 
The intragrain J, wa. ... detNmined by a best fit of the calculated ).' - b curve, the region 
of which is that the flux penetrat!' slowly as shown in figure 8.2 Cntical transport current 
mea.surement aud micro~tructur!' analysis were mentioned in Chapter (). 
8.3 Results and discussion 
8.3.1 Influence of Sn addition 
The temperature dependence of resistivity for none and various Sn addJttve speci menc; 
was shown in figure 8.3. All the specimens exhibited almost 105 J\ of 1,·"" except for th1• 
specimen prepared with 0.05 mole ratio of Sn. lt wa." observed that 1~.off dPcrea...,ed w1th 
increa::.ing th<' mole fraction of Sn Su addition turned out to destroy the superconducting 
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Figure 8.2 Schematic illustration of).,' vs b curve, where the areas of two hatched regions 














Figure 8.3 The temperature dependence of resistivity for none and Sn additive specimens. 
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critical t ransport current dens1ty me~ured b)· 4 terminal ml.'thod. Jc(B)/Jc(O T) for 
none and variou<, Sn additive specimens. A decrease of Jc at low field W<l!-o ob!-o<>rvNJ to he 
large for Sn additivE' specimen ~ comparison with that for none additi\'1.' one. Magnetic 
field dependence of J~ was found to degrade with increasing Sn content. A large drop of Jc 
at the magnetic fiE'ld of 0.01 T for Sn additive specimen is considNed to be associate v.1th 
weak link of supl.'rconducting grains 8·9 . Figure 8.5 shows the X-ray powdt>r diffraction 
patterns for the none and Sn(O.Ol) additive specimens. Judging from the chanp,e of X-ra) 
intensity ratio of (001Q) peak for 2223 phase to (008) peak for 2212 phase, t lw volume 
fr;u:tion of 2223 pha.o.;e is considered to be low for the Sn additive specimen. Arcordin~ to 
this, the formation of 2223 phase is thought to be suppressed by Sn addit1on. 
Figure 8.6 shows the microstructures of polished surface for the vaTJous Sn additiw 
specimens Sintering density of oxide was observed to be poor and a lot of irnpunty 
phases such a..-, Ca2 Pu04 • CuO and (Sr. Ca)JCu!>O, were found to exist in the specimen 
prepared with larger mole fr;u:tion of Sn. The degradation of superconducting property 
by Sn addition i:-. thought to be resulted from lower volume fractiOn of 222:3 phase, poor 
grain connectivity and the eXJstence of impurity phases. By the analysi:-. of EPMA, Sn 
was detected in Ca.2 Pb04 a.." shown in EDX pattern as shown in figure 8.7. Considering 
the ionic radius and crystal structure of compound possibly formed, the a.dd<'<l Sn wa..'> 
thought to be partially substituted for Pb atom in Ca2Pb04• 
8.3.2 Influence of B a addition 
Figure 8.8 shows the temperature dependence of resistivity for vanou~ Ha a.dd1tiv(' 
specimens. Resistivity for Ba additive specimen in normal state was found to lw low, 
compared to that for uone additive specimen. Both Tc,on and 1~.off were observed to be 
slightly increased by Ba addition. This is consistent with the result of bulk ~int<'red by 
usual solid reaction 10. 
Figure 8.9 shows the magnetic field dependence of normali1ed critical curreut dcm.ity, 
Jc(B)/Jc(O T) for none and Ba additive specimens. The decreas111g rate of Jc w1th re!--pect 
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Figure 8.4 The magnetic field dependence of normalized critical current density, Jc(B)/ Jc(O 
T) for none and Sn additive specimens. 
Chapter 8 199 
2.e0 (a) 1.80 
-521 
1.60 0 2223 0 g 
1.~0 • 2212 0 0 A.g 
1.20 A~Pb04 0 




. 0.~0 E cO 
............. 3.28 0 0 £::,.0 • .A. 
~ 5.0 18.8 15.0 28.8 25.8 38.0 35.0 '18.e 
+J c:.oo (b) •M U) 1.20 ~ 
Q) 1.60 







• 8.2a 0 0 ~ 
s.e 10.0 15.6 2e.e 25.€1 :;.:1. Et ::s.o '16.(1 
Degree (2B) 




.J (." =: S620 A/ Clll2 
Sn 0.03 





Jc- 210 A/nn2 
Chapter 8 
Figure 8.6 The lllicrostruct.ures of polished surface for th<' variou!> Sn additive specimens. 
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Figure 8.7 The microstructure and EDX pattern m site of Ca2 Pb04 for Sn add1tive 
specimen 
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Figure 8.8 The temperature dependence of resistivity for various Ba additive specimens. 
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to incre~e of magnetic field became small for Ba additive specimen. Magnetic field 
dependence of Jc was confirmed to be improved for the specimen prepared with the higher 
Ba mole ratio. Judging from change of X-ray intensity ratio of peaks for 2223 phase to 
peaks for 2212 and impurity phase shown in figure 8.10, it was found that volume fraction 
of 2223 phase became high, while they for 2212 phase and impunty phases became low by 
Ba addition. According to this, the growth of 2223 phase is thought to be enhanced by Ba 
addit10n, similar to the Pb addition of Bi Sr-Ca-Cu 0 syt-.tem. This is consistent with 
the result 4 for bulk prepared w1th conventional solid state reaction. By XRD and EPMA 
analysis, the Ba compound pha..c;es could not be detected in oxide layer. Ba was confirmed 
to exist in 2223 phase by EPM A analysis Hakuraku et a/. suggested 12 that the Ba 
which was added to Bi-Pb-Sr Ca-Cu 0 system is substituted for Sr in crystal structurr 
of 2223 phase. According to study 7 by Ashizawa et a/., the effect of Ba substitution 
for Sr was suggested to that the partial melting temperature decreased and the range of 
formation of 2223 phase was extended. Figure 8.11 shows the microstructure of polished 
surface for none and Ba additiv<' specimens. A dense structure was obtained for the 
specimen prepared with the higher Ba mole ratio. The Ba addition turned out to LH' 
effect1ve to densify the BPSC'CO crystal structure and the lllcrea.."<' of Jc at magm·llc 
field is considered to be due to the improvement of grain connectiv1ty by densification of 
crystal structure. On the other hand , it was known that the superconducting property is 
anisotropic and then critical current is large in a-b plane. Therefore, textured structure is 
expected for obtaining high Jc. Figure 8.12 shows the chang<' of X-ray intensity reflected 
from (0011) plane of 2223 phase against tilting angle <I> , where rotation angle is 0. TIH• 
X-ray intensity increased with decreasing tilting angle <I>. Considering the full half width 
and maximum intensity, the degree of a-b plane orientation that aligns parallel to the 
tape surface (direction of current flow) was confirmed to be improved by Ba addition 
20·1 Cllaplt•r 8 
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Figure 8.9 The magnetic field dependence of normalized criticaJ current density, Jc(B)/ J c(O 
T) for none and Ba additive specimens. 
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Figure 8.10 X-ray powder diffraction pattern for none and Ba addit1ve specimens, where 
the symbols are indicated in figure 8.5. 
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Figure 8.12 X-ray intensity reflected from {0011) plane of 2223 ph~e vs tilling angle <1> , 
where rotation angle 1}1 is 0, where dashed line and soHd one are for none and Ba{O.OS) 
additive specimen, respectively. 
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Figure 8.13 The magnetic field dependence of normalized critical current, Jc(B)/ Jc(O T) 
for none and Mg additive specimen. 
Chapter 8 209 
Figure 8.14 The magnetic field dependence ofintragrain critical current density measured 
by A.C inductive method for none and Mg additive specimens. 
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Figure 8. 15 T he microstructure of polished surface and distribution imagt> of MgO par-
ticle. 
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Figure 8.16 The relation between Jc(O T) and Jc(0.5 T) at 77.3 K for none and various 
additive specimens. 
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8.3.3 Influence of Mg addition 
Figure 8.13 shm.,·s the magnetic field dependence of normalized critical current dcn~ity, 
Jc(B)/Jc (0 T) for none and Mg(O.OS) adclitive specimen. The magnetic field dependence 
of Jc was found to be Improved by Mg addition. It~ tendenc) was ob~<'rved to be re-
markable for the ~pecimen prepared with 0.05 mole ratio of Mg. The intragram J, of tape 
specimen was mca.-;ured by /\.C inductive method and ib result was plotted in figure 8 14. 
This resuJt was obtained with as::;uming the size of gram with normal to magnetic fi(•ld i!:' 
1j..lm. The intragrain critical current density might be related to the pinning of magn<.'tic 
flux line:; against Lorentz force, whNe the Lorentz force 1s defined a::; 1 = Jc x B. ~lg 
additiv<.' specimen exhibited higher intragra.in Jc than that for none additive specimen. 
F1gure 8.15 shows the microstructure of polished surface and distribution image of MgO 
particle, which wa_-, analyzNI by EDX. Dispersed MgO particles were observed in th e ma-
tnx. Additive MgO was thought to become fine during the process of calcination and 
pulverization and dispersed in matrix. No Mg compound phase could be detect in the 
oxide layer by EPMA and XRD analysis. The improvement of magnetic field dependence 
of Jc by Mg addition as shown in figure 8.13 aud 14 i:-. thought to be attributed fron1 the 
increase of pinning force owing to dispersion of MgO particles. 
Figure 8.16 shows the relation between J c(O T) and Jc(O.S T) for various specimens. 
Jc at 0.5 T increa.c;ed almost linearly with increasing Jc at 0 T for all kinds of specimens. 
It was observed for Mg additive specimen that the Jc at 0.5 T against Jc at zero magnetic 
field b<.'comes high . compared to that for other specimens. Jc over 4000 A/cm2 at 0.5 T 
can be obtained for the specimen prepared with 0.05 mole ratio of Mg. 
8.4 Conclusion 
Sn02, BaC03 and MgO have been attempted to be added in Bi-Pb-Sr-Ca-Cu-0 system 
when the Ag sheathed tapes were prepared by "powder in- tube technique". Th<.' main 
conclusions are t'he following; 
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1. For the Sn02 additi\'e specimen. critical current densit} was found to become lower 
than that of none doped tapes. This was resulted fron1 the lower volume fraction of 
2223 phase and poor connectivity of grams due to low smtering density. 
2. The critical current density was confirmed to be improved by BaC03 and MgO 
addition This IS attributed to the refinement of microstructure such as denslfication 
of BPSCC'O oxide layer and dispersion of MgO particles, respectively. 
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Summary 
In this thesis, microstructure change and its relation to critical curn•nt O(·n~ity hav<' 
been investigated in detail when two kind of superconducting matenals , \' 3 Ga and Bi 
Pb-Sr-Ca-Cu-0 high temperature superconductor were fabricated in \arwu,... wnd•tloJb. 
In Chapter 2, cry:.tal growth of V 3Ga compound as well a_, the relatwnship betwe<•n 
microstructure and crit1cal current density or global pinning force for \' 3Ga prepared 
with addition of Zr and Mg element were investigated. Crystal growth of V 3 Ga compound 
was found to be enhanced by Mg addition and over aU growth of \' 3Ga compound layer 
was confirmed to be controlled by bulk diffusion in compound layer \' 3Ga grains tt•nd 
to columnar and this tendency is enhanced by Mg addition. Critical current denslt) 1~ 
improved by Mg addition because of increase in elementary pinning force and 8,2. The 
degradation ratio of J, in high magnetic field becomes small for the long time annealed 
specimen. In low magnetic field, it was confirmed that global pinning force incr<'ascd 
linearly with decreasing grain size. 
In Chapter 3, the crystallization process of B(P)SCCO amorphou:- cerauuc which wa.-, 
prepared by melt-quenchiug method and superconducting property for annealed speci111en 
were investigated. After heat treating Bi1 GPbo 4 Sr2Ca2Cu30x anwrphous cer<unic, super-
conducting bulk which exhibited 98 K of Tc.,off could be prepared. It could be confirmed 
that the 2201 phase and Cu20 are crystallized in sequence from the amorphous phase 
during healing These crystallization occurs at the lower temperatures for the specimens 
with P b add1llve. The 2201 phase changed to 2212 phase w1th increasmg temperature 
2J.'j 
21G 
up to partial melting . Abo, 1t was suggestf'd that the 2'212 phase reacts with CuO, and 
then thr liquid appears accompanying with (Sr , Ca)3 Cu .,O, pha.-,p The 2223 pha .... e could 
hr formrd by prolong(•d anneal! ng at 1 I 23 l\. 
In Chapter 4. thr phasl' rc>lation and the micro,..tructural ft>atures 111 Bi-Pb-Sr-Ca-Cu-0 
... uperconducting ceramics were investigated . \'arious silmpJe,.. were prepared by sintering 
;~t temperature::. betwern 107:! and 1223 1\ fur a lung time and quenching into liquid 
nitrogen . The phase existing at those temperatures ha\(' hrcn identified by means of XHD 
and EPMA. The 2223 pha."c was found to be formrd by the rc..tction of2212 phase w1th the 
liquid, which is producc>d <'UtC'ctically from the 2201 pha.'c and Ca , Pb04 . It wa-. ronfilllwd 
that the volume fraction of 222:} phase becanw larg(•st 111 th<' "ample smtered at I 128 K. 
with small amount of impurity phases CuO, (Sr, Ca)2Cu0J and (Sr, Ca)JCu:,O •. 'f1H• 
amounts of {Sr. Ca)2Cu0, and (Sr. Ca)CuO, pha.,..l'::- innl'ased during the decompo:-.ition 
of the 2223 phase at temperatures above 1133 l\ Tlw (Sr. Ca)Ox compound wa-. identified 
a' a uew phase for the sample sintered at temperatures h1gher than 1223 K. 
In Chapter 5. the microstructure of BPSCC0(2223 pha'>e) superconductmg tapt• prc-
parcd hy pnwdr-r-tn-tub( tcclwtqtJP in various heat t real ment and cooling condition,; anci 
its influence to superconducting property were ulwstip,ated in detail. A refined structure 
with high volume fraction of 2223 phase wa' confirnwd to be obtained by employing the 
thNmomechanical treatment, compared to bulk conventionally smtered at the ~a me con-
dition. Both superconducting properties, Jc and 7~ havr been made clear to become best 
for thr heat tr<'atnwnt at 1Jl:i K. Superconductiug propNties degraded for the speci111cn 
hrat treated at 112:3 1\ h<'cat~->c> of appearann' of 2201 pll;t.-.<'. It wa" confirmed that the 
volume fraction of 2213 ph;he increa.<.e::- during sl•cond IH•rtt treatlllent aud thl! p1 cfcrred 
orientation of (a-b) plane is improved by repeattnp, '1'~1'1' c\Cie. The optimu111 couhng 
rate to maximize both 1coff and J, was found to be typ1cally of 100 K/h. 
In Chapter 6, cold working effect on the microstructur<' and critical current density wa.o; 
investigated when the BPSCC'O tapes wac; preparcd hy powder-in-tube techniquc. It was 
confirmed that J., increa~e~ with drcreasing oxidr layer thickness and reaches maximum, 
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but degrades rapidly by further reduction of oxide layer t htckness. The increa<>e of J, 1-o 
suggested to be mainly attributed to the densification ami texturing. It 1s found that tiH· 
degradation of Jc. is related to the work instability. A correctiOn of Jc was don<' in th(• 
statistical view point by assuming the smallest thicknes" of oxide layer a.-, the lowest limll 
of thickness di ... tribution . 
Among various cold working techniques \\ hich were tried for fabricating Ag shcat twd 
BPSCCO superconducting tapc, tlw pre:-;sing turned out to be effective for !llcrea.-.lllg 
the critical current density. A dense and textured structur<• could be ohtallled for thl• 
sJH•c.iuwn prepared with lngher pre~sur~• . 
It was confirmed that the maguetic field dependence of J< and hysteresis effect of .lc 
- B can he improved by optimizing the cold working condition . The correlation betwel'll 
thP sharpnes::. of resistive transition expressed a:-. t1 value and work instability or Jc w.L ... 
confirmed. 
In Chapter 7, the microstructure of BPSCCO tapes which were prepared with varwu~ 
nominal compositions by powder-in-tub(> technique and 1ts Influence on critical current 
density were mvestigated . Criltci!l current den::.ity of BPSCCO tape was confiruwd to 
depend on the vanation of nominal compo:-.ition. Thi-. wa.' considered to be du(• to 
volume fraction of 2223 supcrconducting pha'e and ex1~tencc of impurity phase Ag 
sheathed BPSCCO tapes prepared with composition of Bi1 6 Pl>0 4Sr 1 6Ca2 0 Cu2 r. exhib-
ited th<' highest Jc. When the compo::-.ition of starting <'lcm<'nls was changed from tht• 
above one, amount of impurity pha.'ie::. such as CuO, C'a2 Pb04, (Sr, Ca)JCuaOx and 
(Sr, Ca)2Cu0x was found to mcrea,<•. 2201 ph~e could b<' detected for the spewrt<'ll 
(Bi1 GPl>o4Sr16-0 ~xCa2+ootxCuH+O lf>•Oy) with high ratio of Ca and Cu 
In Chapter 8, the influenc<' of Sn Ba and Mg addition on the superconducting proJ; 
erties of BPSCCO tapes wao; utvestigated. For Sn added tapes, the superconducting 
propNty was found to be inferior to that of none added tape, becaust> the volume fra.c 
tion of 2223 phase decrea..,ed by Sn addition. On the other hand, the superconducting 
properti<'S were confirmed to be unpr!l\'C•d by Ba and Mg addilton. Thh 1s attributed to 
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the dense and texlu red structure by Ba addition or the fine dispersion of Mg particles. 
In conclusion, the basic knowledge about the relation between rmcrostructure and 
superconducting properties has been made clear through the present study. The author 
believes that this results would be helpful in understanding and further improving the 
superconducting materials. 
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